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FOREWORD 


The purpose of this Student's Guide is to assist you in completing 
the "Transistor Theory," Unit II, of the Advanced First-Term 
Avionics Course. The proper use of this guide will increase your 
abilities in the above mentioned areas, while building a basis upon 
which your future training will be built. 

The table of contents lists the page numbers for safety notices, 
notetaking sheets, information sheets, and references that will 
further enhance your abilities and skills as an aviation electronics 
technician. 



SAFETY NOTICE 


As a Navy electronics technician, you will be required to perfoi 
safe and efficient maintenance on various types of electronic 
equipment. Not only your life, but the lives of many others wi! 
depend on your being safety conscious at all times. It is the 
responsibility of all Navy and Marine Corps personnel to preveni 
accidents. This can be done if everyone develops conscientious 
safety habits and observes all precautions when performing mainl 
nance of any type. Always remember: 


SAFETY CANNOT BE OVERSTRESSED! ! I ! ! 



HOW TO USE THIS STUDENT'S GUIDE 


This "Student's Guide" has been prepared for you to use while you 
are attending the Advanced First-Term Avionics Course (Class Al ) . 
Ample space has been provided for taking notes on the required 
lesson information. Remember when you are in class, the informa- 
tion being provided by your instructor is information you will need 
in performing your Navy job. 


This volume contains the following: 

1. Notetaking sheets, containing lesson topic outlines, 
illustrations, and ample space for personal notetaking. 

2. Information sheets to provide information pertinent to your 
training . 

GOOD LUCKl Learn all you can! 
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UNIT II CLASS SCHEDULE 


Unit II is two weeks long and starts the afternoon of the fifth day 
of the second week. The periods run from 77 to 156, with the last 
period ending halfway through the fifth day of the fourth week. 


The schedule is as follows: 


TOPIC NO. TYPE PERIOD TOPIC 

SECOND WEEK 


Fifth Day 


2.1 

Class 

67 

Series Resonance 



78 




79 


2.2 

Class 

80 

Parallel Resonance 


THIRD WEEK 


First Day 

2.2 Class 81 Parallel Resonance 

2.3 Class 82 Physics Overview 

83 

84 

2.4 Class 85 Semiconductor Physics 

86 

87 

88 


Second Day 

2.4 Class 89 Semiconductor Physics 

2.5 Lao 90 PN Junctions (Laboratory) 

91 

2.6 Class 92 Junction Transistors 

93 

94 

95 

96 


iv 



TOPIC 

NO. 

TYPE 

PERIOD 

TOPIC 

Third 

Day 




2.7 


Lab 

97 

98 

Junction Transistors (Laboratory) 




99 





100 


2.8 


Class 

101 

103 

Biasing Arrangements 




104 



Fourth Day 

2.8 Class 105 Biasing Arrangements 

106 

107 

2.9 Lab 108 Biasing Arrangements (Laboratory) 

109 

1 10 
111 


Fifth Day 

Class 113 Unit/Module Test: Criterion Test/ 

Written Examination 

114 

115 

2.10 Class 116 Decibels 

117 

2.11 Class 118 Feedback Amplifiers 

119 

120 


FOURTH WEEK 


First Day 

2.11 Class 121 Feedback Amplifiers 

122 

123 

2.12 Class 124 Direct Coupled and Operational 

Amplifiers 

125 

126 

127 

128 


V 



TOPIC NO. 

TYPE 

PERIOD 

TOPIC 

Second Day 

2.13 

Class 

129 

130 

131 

132 

Transformer Coupled Amplifiers 

2.14 

Class 

133 

Special Devices 


134 

135 

136 


Third Day 

2.14 Class 137 Special Devices 

138 

139 

140 

2.15 Class 141 Vacuum-Tube Fundamentals 

142 

2.16 Class 143 Triodes 

144 


Fourth Day 

2.16 Class 145 Triodes 

146 

147 

148 

2.17 Class 149 Multielement Tubes 

150 

151 


Fifth Day 

Class 153 Unit/Module Test; Criterion 

Test/Written Examination 

154 

155 

156 
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UNIT II HOMEWORK SCHEDULE 


Homework is MANDATORY! In Unit II, homework is assigned with each 
individual lesson topic. Homework is due on morning following the 
day when the lesson was completed. Each assignment sheet will be 
checked by an instructor for correctness and completion. Informa- 
tion sheets assigned with lesson topics are considered as homework. 
Failure to complete assigned homework may result in disciplinary 
action. 


Assignment Sheet 
2.1 .1A 
2.2.1A 
2.3.1A 
2.4. 1A 
2.6. 1A 
2.8. 1A 
2.10.1A 
2.11.1A 
2.12.1A 
2.13. lA 
2.14.1A 
2.15.1A 
2.16.1A 
2.17. lA 


Period Due 
81 
89 
89 
97 
97 
113 
121 
129 
129 
137 
145 
145 
153 
153 
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UNIT LEARNING OBJECTIVES 


TERMINAL OBJECTIVE 

1 .0 SOLVE problems related to electronic circuits, using basic 
mathematics, algebra, and trigonometry. A formula sheet, 
trigonometric tables, and a Universal Time Constant Chart will 
be provided. Performance must be in accordance with Mathe- 
matical principles outlined in Mathematics , Vol. I, NAVPERS 
10069 (series). Mathematics , Vol. Ill, NAVPERS 10073 (series), 
Basic Electronics , Vol. I, NAVPERS 10087 (series), and Basic 
Electricity , NAVPERS 10086 (series). Performance will be 
measured by a written multiple-choice examination, 

2.0 ANALYZE the internal structure and operation of semiconductor 
junctions by tracing majority and minority current flow through 
a given semiconductor device, in accordance with quantum 
mechanical principles outlined in Basic Electronics , Vol. I, 
NAVPERS 10087 (series) and Aviation Electronics 3 & 2 , 

NAVEDTRA 10317 (series). Performance will be measured by a 
written multiple-choice examintion. 

3.0 Mathematically ANALYZE the operation of given basic semi- 
conductor circuits by solving problems in terms of voltage, 
current, reactance, and frequency. A formula sheet will be 
provided. Responses must be in accordance with Basic 
Electronics , Vol. I, NAVPERS 10087 (series), and performance 
will be measured by a written multiple-choice examination. 

4.0 ANALYZE the internal structure and operation of vacuum-tube 
circuits by identifying elements and their functions and by 
solving problems in terms of voltage, current, resistance and 
biasing. Responses must be in accordance with information 
outlined in Basic Electronics . Vol. I, NAVPERS 10087 (series). 
Performance will be measured by a written multiple choice 
ex 2 unination. A formula sheet will be provided. 


ENABLING OBJECTIVES 

1.1 SOLVE problems involving addition, subtraction, multiplication, 
and division of radicals and exponents, using the laws of 
exponents. Response must be in accordance with Mathematics , 
Vol. I, NAVPERS 10069 (series). Performance will be measured 
by a written multiple-choice examination. 

1 .2 SOLVE probl^s involving the addition, subtraction, multipli- 
cation, division, evaluation, and simplification of algebraic 
expressions. Response must be in accordance with Mathematics. 
Vol. I, NAVPERS 10069 (series). Performance will be measured 
by a written multiple-choice exeunination. A formula sheet will 
be provided. 
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1.3 SOLVE for the variables in simultaneous linear equations, 
using the principles of matrix algebra. Responses must be in 
accordance with Mathematics , Vol. Ill, NAVPERS 10073 (series). 
Performance will be mesured by a written multiple-choice 
examination. A formula sheet will be provided. 

1.4 SOLVE for total capacitance, RC time, curent, and voltage 
values of a simple RC switching circuit. Response must be in 
accordance with Basic Electricity . NAVPERS 10086 (series). 
Performance will be measured by a written multiple-choice 
examination. A formula sheet and a Universal Time Constant 
Chart will be provided. 

1.5 SOLVE for total inductance, L/R time, current, and voltage 
values of a simple L/R switching circuit. Response must be in 
accordance with Basic Electricity . NAVPES 10086 (series). 
Performance will be measured by a written multiple-choice 
examination. A formula sheet and a Universal Time Constant 
Chart will be provided. 

1.6 SOLVE for unknown current, voltage, and resistance values of 
electronic circuits containing source characteristics and 
voltage dividers. Response must be in accordance with Basic 
Electricity , NAVPERS 10086 (series). Performance will be 
measured by a written multiple-choice examination. A formula 
sheet will be provided. 

1.7 SOLVE for unknown values of current, voltage, reactance, and 
power in series and parallel a-c circuits. Response must be 
in accordance with Basic Electricity , NAVPES 10086 (series). 
Performance will be measured by a written multiple-choice 
examination. A formula sheet and trigonometric tables will be 
provided. 

1.8 SOLVE for unknown values of current, voltage, reactance, 
frequency, bandwidth, and circuit "Q", in series and parallel 
resonant circuits. Response will be in accordance with Basic 
Electronics , Vol. I, NAVPERS 10087 (series). Performance will 
be measured by a written multipJLe-choice examination. A formula 
sheet and trigonometric tables will be provided. 

2.1 SELECT, from a given list, correct statements concerning the 
structure of an atom, given an element from the Periodic Table 
of Chemical Elements. Responses must be in accordance with 
Basic Electronics , Vol. I, NAVPERS 10087 (series). Performance 
will be measured by a written multiple-choice examination. 

2.2 SELECT, from given lists, correct statements related to the 
properties of heat, sound, cryogenics, and the electromagnetic 
spectrum. Responses must be in accordance with Aviation 
Electronics Technician 3 & 2 , NAVEDTRA 10317 (series). Per- 
formance will be measured by a written multiple-choice 
examination. 
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2.3 DETERMINE normal biasing polarities of semiconductor junctions 
by ANALYZING majority and minority current through a given 
semiconductor circuit. Responses must be in accordance with 
quantum principles outlined in Basic Electronics # Vol. i, 
NAVPERS 10087 (series). Performance will be measured by a 
written multiple-choice examination. 

3.1 DETERMINE biasing arrangements of semiconductor circuits by 
SOLVING problems in terms of voltage# current# reactance# and 
frequency. Responses must be in accordance with Basic 
Electronics # Vol. I# NAVPERS 10087 (series). Performance will 
be measured by a written multiple-choice examination. A 
formula sheet will be provided. 

3.2 DETERMINE capabilities# electrical characteristics# advantages# 
and disadvantages of given semiconductor circuits by SOLVING 
problems in terms of voltage# current# reactance, and frequen- 
cy. Responses must be in accordance with Basic Electronics # 
Vol. I# NAVPERS 10087 (series). A formula sheet will be 
provided. 

3.3 COMPUTE decimal gain and loss in terms of the voltage and power 
of a given semiconductor amplifier circuit. Responses must be 
in accordance with Basic Electronics # Vol. I# NAVPERS 10087 
(series). A formula sheet will be provided. Performance will 
be measured by a multiple-choice examination. 

3.4 BUILD basic semiconductor amplifier circuits (under super- 
vision). MEASURE values and RECORD measurements# calculations# 
and evaluations on a job sheet# given necessary test equipment 
and an RCA 6F16 transistor trainer. 'Accuracy will be measured 
in accordance with information contained in Basic Electronics, 
Vol. I# NAVPERS 10087 (series). 

4.1 SELECT# from given lists# the names and functions of the 
elements contained within a vacuum-tube. Responses must be in 
accordance with information outlined in Basic Electronics # 

Vol. 1, NAVPERS 10087 (series). Performance will be measured 
by a written multiple-choice examination. 

4.2 SOLVE problems in terms of voltage# current, resistance and 
biasing, using vacuum-tube formulas and tube constants. 
Responses must be in accordance with information outlined in 
Basic Electronics , Vol. I# NAVPERS 10087 (series). Performance 
will be measured by a written multiple-choice examination. A 
formula sheet will be provided. 
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NOTETAKING SHEET 2.1. IN 


SERIES RESONANCE 

REFERENCE: Basic Electronics , Vol. I, NAVPERS 10087-C, Chapter 10, 

pages 183 to 202. 

NOTETAKING OUTLINE: 

I. General Information 


II. Resonant Frequency 



Figure 1 . Reactance Curves for Series RLC Circuit 


1 



C|:80uF Rl = lO^^ 





Figure 2. Series Resonant Circuit 
111. Resonant Series Circuit Analysis 


2 



Circuit Q 


Series RLC Circuit Analysis 



Figure 3. Series RLC circuit 
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VII. Applications of Series Resonant Circuits 




NOTETAKING SHEET 2.2. IN 


PARALLEL RESONANCE 

REFERENCES: 

1. Basic Electronics , Vol. 1, NAVPERS 10087-C, Chapter 10, 
pages 203 to 209. 

2. Robert L. Shrader, Electronic Communication , Fourth Edition, 
McGraw-Hill, Inc., 1980, Chapter 8, pages 123-131. 

NOTETAKING OUTLINE; 

I. Ideal Parallel Resonance 



—J 

Figure 1 . Parallel LC Circuit at Resonance 
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III. Bandwidth Considerations 


I 



Figure 3. 


Effect of Shunt Resistance 
on BW, Iiine' ^'^'3 Z. 
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IV. Applications for Parallel Resonant Circuits 


11 
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NOTETAKING SHEET 2. 3. IN 


PHYSICS OVERVIEW 


REFERENCE: 

Williams, Metcalf, Trinklein, and Lefler. Modern Physics . 

New York: Holt, Rinehart, and Winston, 1968, Chapters 1,7, 
14-18, and 27. 

NOTETAKING OUTLINE 
I. Matter 
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II, Energy 


III. 


IV. 


The Relationship Between Matter and Energy 


Cryogenics 


KELVIN 

400 - 
373 - 


300 

273 

200 


CENTIGRADE FAHRENHEIT RANKIN 


100 


r\ 

— 127 

/ 

260 



—100 

212 

- 


— 27 
0 

80 

32 



• -73 

-100 



•173 

-2 80 

- 


•273 

-460 

I- 

L 

) 




•540 
• 492 - 

— 360 


— 180 


WATER BOILS 


•WATER FREEZES 


ABSOLUTE ZERO 


Figure 1 . Temperature Scales 
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ELEMENT 

TEMPERATURE AT WHICH 

ELEMENT BECOMES SUPERCONDUCTIVE 

Niobium 

8.0 K. 

Lead 

7.2 K. 

Tantalum 

4.4 K. 

Mercury 

4.2 

Thorium 

1.4 

Aluminum 

1.2 

Zinc 

0.91 

Titanium 

0.4 


Figure 2. Superconductivity Chart 


V. Sound 
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VELOCITY 
OF SOUND 


MEDIUM 


1,087 FT. /SEC 
4,794 FT. /SEC 
16,500 FT. /SEC 


IN AIR AT 32“ F 
IN WATER 
IN STEEL 


Figure 3. Velocity of Sound in Various Mediums 


VI. Light 


VII. Heat 
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A. Sources of heat 


B. Units of heat measurement 


C. Methods of heat transference 


17 
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INFORJ4ATION SHEET 2.4.11 


SEMICONDUCTOR PHYSICS 


INTRODUCTION 

An understanding of basic physical and chemical properties is 
essential to the study of electronics. Even the more complex 
electronic devices can be reduced to a study of electron behavior 
in solids or gases. To follow explanations for semiconductor 
devices, for example, the technician must have a knowledge of how 
atoms bond together to make a crystal. 


REFERENCE: Dull, Metcalf, and Williams. Modern Physics . New 

York, N.Y.: Holt, Rinehart, and Winston, Inc., 1963. 
Chapter 6, pages 133-151. 


INFORMATION 

I. INTRODUCTION TO THE PERIODIC CHART OF THE ATOMS 

A. Many of the early scientists saw that the periodicity or 
rhythm to atomic behavior could be shown graphically. 

Today, the physical significance of such a rhythm is known. 
The "Periodic Chart of the Atoms" is the graphic portrayal 
of this significance. As late as 1870, there were only 63 
elements known. At this time, some system of cataloging 
the atoms was attempted. First, they cataloged by atomic 
weights. The weights of the elements were soon found to be 
variable, depending on the number of isotopes. A little 
later, it was found that the atomic number (number of pro- 
tons in the nucleus) was more stable. Even though the 
number of elements known did not complete the chart, it 
gave rise to speculation that the missing atomic numbers 
may be unknown elements. By 1900, the inert gases were 
discovered and the chart began to fill out. In 1913, the 
isotopes were discovered. They also fit into the rhythm of 
the chart. An isotope is a basic element with a different 
atomic weight. It was simply a matter of listing all 
isotopes of an element under the same position on the 
Periodic Chart; they all have the same atomic number but 
different atomic weights. Today, we have the Periodic 
Chart in its entirety from Atomic Number 1 to Atomic Number 
103. Refer to figure 1, Periodic Chart; there are no gaps 
between the known first and last elements, but this does 
not mean to say that there are no more beyond 103. Even 
the men who built our modern chart left space for three 
more elements. They even labeled these blocks; 104, 105, 
and 106. 
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B. The present chart sets forth graphically or numerically 
some thirty odd facts concerning each atom or element. 

Each atom is placed on the periodic chart according to its 
number of shells and outer planets (electrons) . On the 
"Periodic Chart," figure 1, the column number is the number 
of outermost planets or valence electrons; its row number 
is the number of shells. The Periodic System is now 
complete with all stable atoms discovered and assigned 
numbers and position. The outer planet system was 
completed by the discovery of the six inert gases of the 
atmosphere. Group VIII atoms. Each row (or double row) 
ends with one of these inert atoms. 

II. PERIODIC CHART DATA 

A. Atomic symbol 

1. All atoms have symbols. The "Periodic Chart" shows the 
atomic symbols; examples are hydrogen, H; lead, P^; 
oxygen, 0; and uranium, U. 

2. All elements exist in one of three physical forms. The 
forms are solids, liquids, or gases. The chart lists 
each element's symbol by a color that represents the 
form in which it is found to exist in nature. (Colors 
not shown in figure 1). 

3. Black symbols represent solids. Some examples of 
solids are carbon, silicon, iron, and gold. 

4. Blue symbols represent liquids. There ae only four 
known liquids; bromine, mercury, gallium, and cesium. 

5. Orange symbols represent gases. Some examples are 
hydrogen, oxygen, argon, krypton, and zenon. 

B. Atomic number 

1 . The atomic number appears on the chart as the large 
black number. Refer to figure 1, "Periodic Chart." 

2. The atomic number represents the number of protons in 
the nucleus of the atom. Since atoms are electrically 
neutral, they must contain equal numbers of protons and 
electrons. Thus, the atomic number also equals the 
number of electrons in an atom. The atomic number is 
the "key" to the periodic chart. Refer to Table I, 
"Distribution of Electrons"; starting with hydrogen, 
which has one proton and one electron, each successive ; 
element increases by one proton and one electron. This 
increase by one takes place throughout the chart. The 
last known element is lawrencium, and it has 103 protons 
in the nucleus. 
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3. The symbol for the atomic number is Z. 


4. Examples of the correct notation to indicate the 
elements' atomic number and atomic symbol is shown 
below; 

a. 1H — Hydrogen, Z = 1 

b. 2He — Helium, Z = 2 

c. 26Fe--Iron, Z = 26 

d. 54Xe — Xenon, Z = 54 


C. Isotopes 

1 . When a proton is added to the nucleus and an electron 
is added to the shells, a new atom is formed. If a 
neutron enters the nucleus a new atom is not formed. 
Although dead weight is added, such an atom behaves 
chemically as before. These atoms with the same number 
of protons but different numbers of neutrons ae called 
isotopes of the same element. 

2. An example of an element with three isotopes in 
hydrogen (H). Shown in figure 2 are the three 
isotopes of hydrogen, 

3. The basic hydrogen atom, protium, has one proton and no 
neutrons. 
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Table I 


Distribution of Electrons 


AZOKZC 

HO. 


K 

L 

SHELLS 

M H 

0 

ATOMIC 

NO. 

IHSISI 

K 

L 

N N 

0 P 

1 

^)r<irogen 

1 





43 

Teehnitlum 

2 

6 

Id 

13 

2 

2 

Helium 

2 





44 

Ruthenium 

2 

8 

18 

14 

2 

3 

Lithlua 

2 

T 




45 

Rhodium 

2 

8 

18 

15 

2 

k 

Beryllium 

2 

2 




46 

Palladium 

2 

8 

18 

16 

2 

5 

Borob 

2 

3 




47 

Silrer 

2 

8 

18 

18 

1 

6 

Car^n 

2 

4 




48 

Cadmium 

2 

3 

18 

18 

2 

7 

Hitrogea 

2 

5 




49 

Indium 

2 

8 

18 

18 

3 

8 

Oxygen 

2 

6 




50 

Tin 

2 

8 

18 

18 

4 

9 

Fluarlae 

2 

7 




51 

Antimony 

2 

3 

18 

18 

5 

10 

Neon 

2 

8 




52 

Tellurium 

2 

8 

18 

18 

6 

11 

Sodium 

2 

T 

1 



53 

Iodine 

2 

8 

18 

18 

7 

12 

Magneelum 

2 

8 

2 



54 

Xenon 

2 

8 

18 

18 

8 

13 

Aluminum 

2 

8 

3 



55 

Cesim 


13 

44 

8 i 

14 

Silicon 

2 

8 

4 



56 

Barium 

2 

8 

18 

18 

8 2 

15 

Fhosphorue 

2 

8 

5 



57 

Lanthanum 

2 

6 

IS 

18 

9 2 

18 

Sulphur 

2 

8 

6 



5d 

Cerium 

2 

8 

18 

19 

9 2 

17 

Chlorine 

2 

8 

7 



59 

Pra'mium 

2 

8 

18 

20 

9 2 

18 

Arson 

2 

8 

8 



60 

Neodmlum 

2 

8 

18 

21 

9 2 

19 

Fotssalum 

2 

• 

8 

1 


61 

Promethium 

2 

8 

18 

22 

9 2 

20 

Calcium 

2 

8 

8 

2 


62 

Samarium 

2 

8 

18 

23 

9 2 

21 

Scandium 

2 

8 

9 

2 


63 

Suropium 

2 

8 

18 

24 

9 2 

22 

Titanium 

2 

8 

10 

2 


64 

Gadolinium 

2 

8 

18 

25 

9 2 

23 

Vanadlufli 

2 

8 

11 

2 


65 

Terbium 

2 

8 

18 

26 

9 2 

24 

Chromium 

2 

8 

12 

2 


66 

Qysproslum 

2 

8 

18 

27 

9 2 

25 

Manganese 

2 

8 

13 

2 


67 

Holmlum 

2 

8 

18 

28 

9 2 

26 

Iron 

2 

8 

14 

2 


68 

Erbium 

2 

8 

18 

29 

9 2 

27 

Cobalt 

2 

8 

15 

2 


69 

Thulium 

2 

8 

18 

30 

9 2 

28 

Nickel 

2 

8 

16 

2 


70 

Ytterbium 

2 

8 

18 

31 

9 2 

29 

Copper 

2 

8 

18 

1 


71 

Lutellum 

2 

8 

16 

32 

9 2 

30 

Zinc 

2 

8 

18 

2 


72 

Eafniiua 

2 

8 

18 

32 

10 2 

31 

Gallium 

2 

8 

18 

3 


73 

Tantalum 

2 

8 

18 

32 

11 2 

32 

Germanium 

2 

8 

18 

4 


74 

Tungsten 

2 

8 

18 

32 

12 2 

33 

Arsenic 

2 

8 

18 

5 


75 

Rhenium 

2 

8 

18 

32 

13 2 

34 

Selenium 

2 

8 

16 

6 


76 

Osmlvim 

2 

8 

18 

32 

14 2 

35 

Bromine 

2 

8 

18 

7 


77 

Iridium 

2 

8 

18 

32 

15 2 

36 

Krynton 

i2 

8 

18 

8 


78 

Platinum 

2 

8 

18 

32 

16 2 

37 

Bubldlum 

2 

T 

“IT 

"5" 

“I 

79 

Gold 

2 

8 

18 

32 

18 1 

38 

Strontium 

2 

8 

18 

8 

2 

80 

Mercury 

2 

8 

Id 

32 

18 2 

39 

yttrium 

2 

8 

18 

9 

2 

81 

Thallium 

2 

8 

18 

32 

18 3 

4o 

Zlrccnium 

2 

£ 

18 

10 

2 

82 

Lead 

2 

6 

18 

32 

18 4 

4l 

Niobium 

2 

8 

18 

u 

2 

83 

Bismuth 

2 

8 

18 

32 

18 5 

42 

Molybdenum 

2 

8 

18 

12 

2 

84 

Polonium 

2 

8 

18 

32 

Id 6 
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Table I (Cont'd) 


ASOKIC 

*0. 

ELOfigrr 

K 

L 

SKELLS 

MHO 

P 

-a. 

85 

AstatlZke 

2 

8 

18 

32 

18 

7 


86 

Radon 

2 

8 

18 


18 

8 


~B7 

Franc iUB 

2 

"F" 

l5 

32 

iS 

”5” 

T" 

83 

Radium 

2 

6 

18 

32 

18 

8 

2 
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j H PROTIUM 


2 H DEUTERIUM 


5 H TRITIUM 


Figure 2 


The second hydrogen atom, deuterium, has 1 proton and 
1 neutron. The third hydrogen atom, tritium, has 1 
proton and 2 neutrons. The three hydrogen isotopes 
and given individual names to identify 


1 


them. These names ae protium 


( j ' 


and tritium 
one isotope. 




deuterium 

1 “ 

Almost all elements have more than 




D. Atomic Weight 

1 . The atomic weight is the weighted average of the 
isotopes based on their relative abundance. The atomic 
weight is shown in figure 1, "Periodic Chart. 

2. The average weight of the three isotopes in hydrogen is 
1.00797 AMU (Atomic Mass Units) (1 AMU = 1.66 x 10” 
grams). The figure for atomic weight is a relative 
number and its only real importance is to the chemist. 

3. The atomic weight is not the same as the number of 
pfotons and neutrons in the nucleus. The mass number 
is the number of protons and neutrons and is a whole 
number . 


E. Electron Shells 

1 . The orbits in which electrons must revolve about the 

nucleus of an atom are called electron shells, or quanta 
levels. The shells are labelled K, L, M, N, 0, P, Q 
from the innermost (K) to the outermost (Q). Table I, 
"Distribution of Electrons," shows the shells and the 
number of electrons existing in each one. 
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2, The shells begin filling with electrons from the inner- 
most shell (K) and work outward. In most cases, the "K" 
shell fills first, then the "L" shell, and so on. This 
is not an absolute law; there are some irregularities. 

At this time we are not interested in the reason for the 
irregularities, 

3. Study Table 1, "Distribution of Electrons", and notice 
that none of the elements has more than two electrons in 
the first shell (K). In the case of hydrogen, there is 
only one electron and it is in the "K" shell. In all 
other elements, only two electrons can exist in the "K" 
shell. To predict the maximum number of electrons that 
may occupy any given shell, use the equation 2(N^) (N 
indicates the number of the shells). In the case of th€ 
first shell (K), the equation states: 

2{n2) 

2(i2) 

2{1) = 2 electrons. 

The "K" shell in any element cannot contain more than 
two electrons. In the second shell (L) , the equation 
states: 


2(n2) 

2 ( 22 ) 

2(4) = 8 electrons. 

The "L" shell in any element cannot contain more than < 
electrons. All electrons do contain the maximum of 8 
electrons except those that do not have enough electro] 
available to fill the shell (Z * 1 to Z = 9.) For 
example. Germanium; the equation states: "K" shell, 2 
electrons; "L" shell, 8 electrons; "M" shell, 18 elec- 
trons; and "N" shell, 32 electrons. Refer to Table 1 , 
"Distribution of Electrons." The table shows that 
germanium has 32 electrons (Atomic Number 32), and the 
are distributed "K" = 2, "L" = 8, "M" = 18, "N" = 4. 

The last shell in germanium (N) only contains 4 elec— i 
trons, even though the equation predicts 32 electrons;; 
this is because only 4 electrons are available, not 3 3 
In no case will a shell contain more electrons than ovi 
equation predicted, but in many cases shells will con-i 
tain less than predicted. 
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F. Subshells 

1 . The next question that should come to mind after study— 
ing Table 1 is^ why do some elements have partially full 
shells and then the next shell out from this shell is 
also partially filled? An example of this is potassium, 
(Z = 19): notice the "K" shell = 2, "L" shell - 8, M 
shell = 8, "N" shell =1. To explain why the shell 

did not take the one electron that went to the "N" 
shell, we must delve deeper into the construction of the 

shells . 


2. The R, L, M, N, 0. P, Q shells are called the ma,in 
shells. Each main shell after the "K" shell is made 
UD of "subshells. The number of subshells (or sub- 
orbitals) that are present within a main shell is 
shown in figure 3. 


MAIN SHELLS 



Figure 3 


Note, in figure 3, each subshell that exists within a 
main shell as a set number, of electrons. Each one of 
the "S" subshells in any main shell contains two 
electrons. Each succeeding subshell always 
electrons more than its preceding subshell. Remember, 
it was stated earlier that a main shell will fill, in 
most cases, before the next main shell begins. To be 
m^re Sp«?£io, a sabshell will till prior to the aett 
subshell out within a main shell. If a subshell in the 
"M" shell cannot be filled, the electrons will 
to the "S" subshell in the "N" main shell. An example 
ol tws is again potassiom (Z = 19). Refer to frgare 

4 . 
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Figure 4 

3. In the case of potassium, the "M" shell has the "P" sub- 
shell full. The last electron would not have completed 
the "D" subshell, so it was moved out to the next shell 
In most cases, this will happen; this is not, however, 
the law. A brief review of Table I, "Distribution of 
Electrons", will show that a number of elements deviate 
from the above. The majority do have some continuity a 
least through the "M" shell. 

Group (or column) 

1. Each group or column on the "Periodic Chart", figure 1, 
contains atoms of similar behavior in vertical align- 
ment, since the Roman numeral number is equal, in 
general, to- the number of valence electrons which fix 
the properties of the atoms. The Roman numeral at the 
head of each column indicates the column number and in 
general the number of such outer electrons. 

2. The grouping of the elements according to valence 
electrons gives a ready reference to the electrical 
characteristics of the particular elements. Group I 
elements all have a valence of one electron. Note on 
the "Periodic Chart", figure 1, that copper is in 
Group I; copper is a good conductor. On the opposite 
end of the chart is Group VIII. Group VIII includes 
all the inert elements. Inert elements are those 
elements whose outermost shell (or subshell within a 
shell) is full. These elements in Group VIII will no 
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Groups V, VI, and VII are electrical insulators? they 
will readily accept an electron. These elements will 
accept electrons in an attempt to fill their outermost 
shell and become chemically stable. 

5. Group VIII is the perfect electrical insulator. These 
are the "inert" elements". They will not give up or 
accept electrons. They contain a full outermost shell 
(or subshell within a shell). The breakdown of the 
"inert" elements can be seen by referring to Table 1, 
"Distribution of Electrons." Note that the "inert" 
elements are underlined. 

6. Group IV is the "semiconductor" group. These elements 
have four electrons in their valence. They will either 
accept ££ give up electrons in an attempt to become 
chemically stable. For this reason. Group IV elements 
lie between conductors and insulators - semiconductor. 
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INFORMATION SHEET 2.4.21 


SEMICONDUCTOR PHYSICS 


INTRODUCTION 

Prior to the last twenty years r literature on solid state research 
was limited. The information accumulated regarding the copper 
oxide rectifier and germanium and silicon crystals led to the 
development of the transistor. A semiconductor, from which tran- 
sistors are made, is an electronic conductor with resistivity in 
the range between that of a conductor and an insulator. The phe- 
nomenom of transistor action is unexplainable by electron theory 
alone, and a new theory is used which is called hole flow. It is 
essential that the technician have a basic understanding of solid- 
state physics in order to be able to understand the operation of a 
transistor. 


REFERENCES: 

1. Milton S. River, Transistor and Integrated Electronics . New 
York, N.Y.: McGraw-Hill Book Company, 1972, Fourth Edition. 

2, Slurzburg and Osterheld, Essentials of Radio — Electronics . 
New York, N.Y.: McGraw-Hill Book Company, 1961, Second 
Edition. 


INFORMATION 
I. Introduction 

A. The story of the transistor is, in large measure, the story 
of matter and how the scientists at the Bell Telephone 
Laboratories have been able to make that matter amplify 
electric currents. If we consider the vacuum tube as man's 
first significant advance into the field of communication, 
then the transistor must certainly be heralded as man's 
second most important step. 

B. The first public announcement of the transistor was made in 
June 1948. Thus, in terms of time, the transistor does to 
compare with vacuum tubes. In terms of application, how- 
ever, it must be classed with the vacuum tube. And while 
there is probably no prospect that it will completely re- 
place the vacuum tube, the transistor has nevertheless made 
serious inroads in a field that was once exclusively the 
province of the vacuum tube. 

C. The most obvious attraction of transistors lies in their 
higher operating efficiency and smaller size than compara- 
ble electron tubes. A transistor, being a solid, required 
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no special envelope surrounding a vacuum; furthermore, it 
requires no filament heating element to serve as the pro- 
vider of electrons. A typical transistor operates with a 
collector current of 5 mA and a collector voltage of 6 
volts, the power dissipated is 30 milliwatts. 

D. Operation of vacuum tubes depends upon the flow of elec- 
trons from cathode to plate and the control of this flow fc 
intermediate grids. Operation of the transistor is depen- 
dent upon electron and hole flow. These two devices 
perform the same functions, but there are considerable 
differences between the two. In order to appreciate these 
differences, a study of atomic structure, intrinsic 
materials, and electrical properties of semiconductors is 
required. 

Review of atomic structure 

A. Any atom may be considered to be composed of a centrally 
located nucleus surrounded by electrons, which spin in 
various orbits (see figure 1). The nucleus contains 
neutrons, which have no electric charge, and protons, whic 
are positively charged. Neutrons and protons have essen- 
tially the same weight, and the combined weight of all the 
neutrons and protons is referred to as the relative atomic 
weight of the element. The number of protons within the 
nucleus determines the atomic number of an element and the 
net positive charge on the nucleus, if an atom has the 
usual atomic number, but a different atomic weight because 

It contains an abnormal number of neutrons, it is called ai 
isotope. 



Picture of 


a lithium atom with an atomic number of 3. 
Figure 1 . 


B. In an electrically neutral atom, the number of electrons is 
equal to the number of protons, even though the proton is 
approximately 1,800 times heavier. If a neutral atom loses 
one or more orbital electrons, it becomes positively 
charged. If the neutral atom gains electrons, it becomes 
negatively charged. 

C. An electron radiates electromagnetic energy if it jumps 
from some higher energy level to one which is closer to the 
nucleus. Conversely, an electron excited from an inner to 
an outer orbit will absorb energy. If by some means 
(intense electric fields, high temperatures, radiation, 
light, etc.) the total energy of an electron is increased, 
that electron will be torn from the parent atom. Under 
these conditions, ionization or breakdown has occurred. 

D. Electrons have been found to surround the nucleus in shells 
as shown in figure 2 and the manner in which they are dis- 
persed is: 

Main Shell Sub Shell 


1st Shell K 
2nd Shell L 
3rd Shell M 
4th Shell N 


2 electrons 
8 electrons 
18 electrons 
32 electrons 


2 electrons 

s p 

2 6 electrons 

s p d 

2 6 10 electrons 

s pdf 

2 6 10 14 

electrons 
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A two dimensional representation of the manner in 
which electrons are distributed about the nucleus 
of a germanium atom. 

Figure 2. 


Electrical and chemical activity of a material is re“ 
stricted to the electrons in the outer shell. The outer 
shell of an atom is called the valence shell and electron 
occupying orbits in these shells are called valence 
electrons. Unfilled orbits lying above the valence orbit 
are called excitation levels. Imparting sufficient energ 
CO an electron may cause it to jump into an excitation 
level. The applied electric field may cause them to drif 
by a displacement process toward the region of more posi** 
tive potential. Actually, at temperature above absolute 
zero, there will be some probability of finding electron^ 
in the excitation level because of thermal agitation. As 
we shall see later, this is one of the most serious 
problecns encountered in the solid state art. 



Since transistors are usually made of either germanium or 
silicon, let us investigte these elements. An unexcited 
germanium atom possesses 32 electrons, 28 of which are 
located within the first three completed energy levels 
leaving 4 electrons in the fourth shell; they are called 
valence electrons. Silicon has an atomic number of 14, 
which means there are 2 electrons in the K shell, 8 in the 
L, and 4 in the M shell; therefore, silicon has 4 valence 
electrons. A plot of the total energy of an electron as 
its distance from the germanium nucleus increases, is shown 
in figure 3. 



♦32 

NUCLEUS 


Distribution of energy levels for a germanium atom. 

Figure 3. 
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Now, if one germanium atom is brought into proximity with 
another, an interaction occurs which results in the forma- 
tion of additional allowable levels for each atom. This 
must be true if no two electrons are allowed to occupy the 
same energy level in the whole system. In this way, when 
an electron in one atom is at a particular level, its 
counterpart in the other atom has a slightly different 
energy level, and they can switch levels continuously. 

Note in figure 4 that the valence and excitation levels are 
common to both atoms. This means a valence electron from 
atom could travel to another and vice versa without 
requiring any external energy. 



When two similar atoms are brought together, an inner 
action occurs which permits additional levels. 

Figure 4. 
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In a crystal where billions of atoms exist in close 
proximity and orderly array, the number of allowable energy 
levels is enormous. Instead of considering discrete 
levels, it is more convenient to speak of energy bands. 

An energy-band diagram for a crystal is shown in figure 5. 
The various valence levels form the valence band. The 
first excitation levels are lumped into the conduction 
band. For conduction to occur when an electric field is 
applied to the crystal of figure 5, electrons must be 
accelerated in order to change their total energy. But 
because of their discrete behavior their total energy can 
increase only if they can be excited into a new level. If, 
in a crystal, the valence band is completely filled, con- 
duction can occur only when sufficient stimuli is impressed 
to raise some electrons from the valence band to the con- 
duction band. Here there are many levels through which the 
electron may be accelerated. Note that accelerating an 
electron from the valence band into the conduction band 
leaves a vacant level in the valence band. This means that 
electrons can now accelerate in the valence band. The 
vacant level left in the valence band is a hole. 


►NIZATION LEVEL 



♦ ♦ + ♦ ♦ ♦ ♦ 


V 


In a crystal, the splitting of energy levels form 
energy bands that represent a group of levels. 

Figure 5. 
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G. Crystalline structures 


1 . The valence shell for a germanium atom contaihs 4 

valence electrons. When germanium is in crystalline 
form the valence electrons in the outer ring of one 
atom align themselves *with the valence electrons of 
adjacent atoms to form pairs of shared electrons. This 
electron sharing is called covalent bonding. These 
covalent bonds bind the germanium atoms into an 
orderly, geometric pattern within the crystal. 


2. Figure 6 is a simplified illustration of the atomic 

arrangement of a crystal structure. The inert portion 
of each atom has an overall positive charge and is 
locked into the structure in an orderly manner. Each 
ion is repelled by the similarly charged surrounding 
ion from various directions, thereby stabilizing the 
positive of the ion in the structure. The relatively 
large mass of the ion also contributes to this 
stability. 



UJ 

a: 

o 

o 
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Pure germanium crystal, lattice structure. 

Figure 6. 

3. Materials may be broadly classified as insulators, 

semiconductor, or conductors according to the energy ir 
an electron must receive to jump the gap between the 
valence band and conduction band. Another method of 
classification is by the number of electrons in the 
valence shell. 
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ENERGY 


a. 1 to 3 valence electrons - conductor. 

b. 4 valence electrons - semiconductor. 

c. 5 to 8 valence electrons - insulator. 

4. Insulators 

a. An insulator may be defined as a material which 
offers high resistance to the flow of electrons. 

The basic reason for offering such a high opposi- 
tion to the flow of electrons is that free elec- 
trons are relatively scarce in such materials. By 
referring to figure 7(a), which illustrates the 
energy diagram of an insulator's valence and con- 
duction band, it can be seen that the energy gap is 
wider than that of the semiconductor and conductor. 
The energy levels within the insulator's valence 
band are filled, and the energy levels in the 
conduction band are empty. This means the valence 
electrons have very little opportunity to undergo 
changes from one valence energy to another. 


CONDUCTION BAND 



CONDUCTION BAND 


FORBIDDEN BAND 
OR 


ENERGY GAP 


VALENCE BOND 
BAND 



a 


b 


c 


Energy bands: (a) insulator (b) semiconductor 

(c) conductor 

Figure 7. 
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b. Furthermore, the increment of energy required of a 
valence electron to be excited into the ionization 
level (bottom of the conduction band) is very large 
when compared to the thermal packages of energy 
(called phonons) which are available at room 
temperature. The probability of a valence electron 
becoming free is quite remote because of the large 
forbidden energy gap. Within the valence band, the 
electron motions are restricted to their orbital 
motions, and virtually no mobile electrons are 
available for participation in the conduction 
process. 

5. Semiconductors — Figure 7(b) is the energy diagram of a 
semiconductor. The energy levels within the valence 
band are filled, as in the case of insulators. The 
valence electrons have very little opportunity to 
change levels in the valence band, since there are no 
vacant levels. The forbidden gap between the valence 
and conduction band is not as great as in the typical 
insulator. The probability of valence electrons 
acquiring the necessary increment of thermal energy is 
better, since smaller packages of thermal energy are 
required. This energy gap, at room temperature, is 
about 0.7 eV for germanium and 1.2 eV for silicon. 
Because of the lower height of the forbidden energy 
gap, semiconductors have resistivity lower than insula- 
tors, but considerably higher than conductors. An 
electron volt (eV) is the Kinetic energy acquired by an 
electron when accelerated through a one-volt potential 
difference, 

6. Conductors - The energy diagram of a conductor is shown 
in figure 7(c). Notice the overlap between the upper 
valence levels and lower conduction levels. Valence 
electrons, in such a material, require very small 
increments of thermal energy to be excited into a 
conduction level. The probability of this action 
occurring at room temperature is very high, and the 
material displays low resistance (high conductivity)*. 
Such is the condition which exists in most metallic 
conductors. 


♦Conductivity is the reciprocal of resistivity; or, the ease with 
which a charge carrier can progress through a material. 
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III. Intrinsic semiconductors 

A. Semiconductor material which is very pure is called an 
intrinsic semiconductor . The nature of semiconductors is 
such that even very small amounts of certain impurities 
drastically alter their electrical properties. For this 
reason, a semiconductor would not be called truly intrinsic 
unless the impurity level is very small — for germanium less 
than 1 part impurity in 10° parts of germanium; for silicon, 
the impurity content would have to be less than 1 part in 

10 '2, In practice, however, semiconductor material with 
somewhat larger impurity concentrations than these is still 
sometimes referred to as intrinsic. 

B. At temperatures of absolute zero, intrinsic germanium or 
silicon can be shown as it is in figure 6. All of the 
valence electrons are tightly held by the parent atoms and, 
also, through the covalent bonds by other atoms. The 
electrons are not free to move through the crystal struc- 
ture and, thus cannot conduct electricity. For this 
reason, an intrinsic semiconductor at absolute zero behaves 
like an insulator. It is a very poor conductor of 
electricity. 

C. Consider what happens as the temperature is increased. An 
increase in temperature means an increase in the heat energy 
of each atom. This increase in energy may be given to one 
of the atom's valence electrons. By this process, a valence 
electron may acquire sufficient energy to break away from 
its parent atom and, in so doing, break one of the covalent 
bonds. This electron is now free to wander through the 
crystal structure and is not bound to any particular atom. 

It is called a free electron and can now act as a current 
carrier if a voltage is applied to the material. A current 
carrier is simply any charged particle (such as an electron) 
which is free to move as part of an electric current if a 
source of voltage is applied. 

D. But what happened back at the place where the electron left 
its parent atom? It left behind a vacancy or an incomplete 
covalent bond, which is usually referred to as a hole. 

Figure 8 shows the crystal structure with one free electron 
and one hole brought about by the electron breaking away 
from the parent atom. This process of the formation of free 
electrons and holes is called thermal generation. 
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Hole 

Free electron 


Creation of a free electron and a hole caused 
by an increase in crystal temperature. 

Figure 8. 


E. The interesting thing about a hole is that it can act as a 
current carrier. If a hole is created by an electron 
breaking away in one atom, an electron from a neighboring 
atom can easily fill the hole by breaking its own covalent 
Son” III jmnpin, over to the first atom. When thrs occurs, 
it appears that the hole has movea. If 

and an electron at B, when the electron fills the hole at A, 
tri^ves fhole at 4. Thus, Ih effect, the hole has inovea 
from priht A to point B. This can be 

Sidering the situation when you arrive late a^ the tneater 
and find the only vacant seat is in the center of tne row 

( see f igure 9 ) . 
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Hole movement. 

Figure 9. 

Either you can become a "free electron" and go along the row 
until you get to the "hole" or the people in the first two 
seats can move in sequence one seat to the right and make the 
"hole" move to you at the end of the row. 

F. Anywhere a hole exists there is a net positive charge 

because the +4 charge of the parent atom (nucleus and inner- 
orbit electrons) is greater than the -3 charge of the three 
remaining electrons. Thus, we consider the hole as having, 
in effect, a positive charge. V?hen the hole moves, there is 
a flow of positive charge. A voltage is applied to a semi- 
conductor containing free electrons and holes, the free 
electrons will move from negative to positive, and the holes 
will move from positive to negative. Remembering the dis- 
cussion of hole movement, you can see that a hole moving to 
the right is really an electron moving to the left. Thus, 
the flow of holes from positive to negative is really the 
same as the flow of negative charges (electrons) from 
negative to positive. You can think of current in a semi- 
conductor as consisting of two parts; free electrons moving 
in the opposite direction. To get the total current, you 
must add the two parts. Figure 10 is a representation of 
the flow of charges in a semiconductor. 
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Electron Flow 





^dlf. f<S%*n Ip'p'Ji^rvolfage 


Figure 10. 

f semiconductor due to an applied 
rnnri-i^f* * There is no hole flow external to the semi- 

of freeze! ^ conductor is by the movement 


Xou may be wondering what happens to the holes when they 
eacn tne edge of the piece of semiconductor material (point 
a in figure 10). The answer is that some of the electrons 
coming from the negative battery terminal combine with or 
riil tne holes so that both the holes and the filling 
electrons disappear as charges. This process is called re- 
combination. The rest of the electrons travel through the 
semiconductor as free electrons. The electrons leaving (at 
A) fall into one of the two categories; those which entered 
at B and traveled through the crystal or those which were 
treed within the crystal when the holes were formed 
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G, It is very important for you to understand that, even though 
hole current is actually due to the movement of electrons, 
it is not the same type of electron motion which makes up 
the free electron current. The electrons, which cause the 
hole current, jump from hole to hole and do not have enough 
to become really free. On the other hand, the free elec- 
trons have enough energy to move freely through the crystal 
without being tied down to any atom. 

H, You can see from this that the free electrons are able to 
move faster through the crystal than the holes, which have 
to move in a succession of jumps. We sa^ that the free 
electrons have a higher mobility than the holes . 

I, At ordinary room temperature (approximately 25“C), the 
thermal energy is sufficient for a large number of free 
electrons and holes to exist in an intrinsic semiconductor. 
At room temperature intrinsic semiconductors such as ger- 
manium and silicon are fair electric conductors, being much 
poorer conductors than a metal such as copper, but much 
better conductors than an insulator such as rubber. An 
important characteristic of an intrinsic semiconductor is 
that is possesses a negative temperature coefficient (re- 
sistance decreases with a rise in temperature); therefore 
conductivity increases with an increase in temperature. 

This is true because of the increased thermal agitation at 
higher temperatures; therefore, there are more free elec- 
trons and more holes created. In an intrinsic semiconductor 
with no applied voltage, the total number of free electrons 
equals the total number of holes, 

IV. Doped (extrinsic) semiconductors 

A. Practical semiconductors contain traces of impurities 
deliberately added to the material after the natural 
impurity level has been reduced to a negligible degree. 

The types of added impurities fall under two categories: 

1 . Elements containing five valence electrons (Pentavalent) 

2. Elements containing three valence electrons (Trivalent) 

The effects of each type upon the energy and electrical 
characteristics of germanium will be examined. 

B, The donor or N-type crystal 

1 . There are a number of elements possessing five electrons 
in their outermost shells which are chemically compati- 
ble with germanium. Arsenic is a typical example and is 
used in our discussion. The arsenic atoms occupy 
positions in the lattice structure, as illustrated in 
figure 11, Four of the outer-shell electrons engage in 
the formation of covalent bonds with the electrons of 
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neighboring germanium atoms, thereby completing these 
bonds. The fifth outer electron of the arsenic atom, 
finding no vacancy in the lattice, is left out of locked 
arrangement. This results in the fifth electron being 
loosely held to its nucleus even at very low tempera- 
tures; it is, in effect, at an energy level above the 
valence band but below the conduction band (see point A 
of figure 12). 



extra valence 
electron 


The additon of an N-type impurity atom 
produces one free electron. 

Figure 11. 



Energy distribution in donor-type germanium. 

Figure 12. 
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2, There is one electron in such a state for each arsenic 
atom in the lattice. The energy gap between the energy 
level of the fifth electron and the conduction band is 
0.01 eV. The probability of the fifth electron being 
free at room temperature is very great, since room 
temperature is approximately 0.026 eV. 

3. A crystal containing an impurity whose atoms possess 
five valence electrons is called a donor crystal, since 
it readily donates electrons to the conduction process. 
The conduction which occurs because of these mobile 
electrons, when an external electric field is applied, 
is called extrinsic conduction, as opposed to intrinsic 
conduction which is due to electrons that are elevated 
to the conduction region from the valence energy band. 
Because of the great difference in energy requirements 
between the two types of conduction, extrinsic conduc- 
tion occurs at a much lower temperature than intrinsic 
conduction (where the increment of energy must be at 
least as high as the forbidden energy gap) . At a given 
temperature the conductivity of the donor crystal is 
higher than that of a pure crystal to an extent deter- 
mined by the number of imparity atoms added. The major 
carriers of charge in this type of material are nega- 
tive, hence the term N— type crystal. 

V . The acceptor or P-type crystal 



The addition of a P-type impurity atom pro- 
duces a vacancy in the covalent bond (hole). 

Figure 13. 
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A. Figure 13 illustrates the lattice structure when a small 
percent of the element gallium is added to the purified 
crystal. Gallium has three valence electrons, leaving one 
of its covalent bonds incomplete at very low temperatures. 
At room temperature, the gallium atom readily captures an 
electron from another atom to complete its covalent bonding 
arrangement, and any such three-valence elements are called 
" acceptor " atoms. When the gallium atom has acquired one 
more electron than it should normally have, it becomes a 
negative ion. This extra electron must beat a greater 
distance form the gallium nucleus than the normal three- 
valence electrons and is therefore closer to the conduction 
band in terms of energy. The energy level of the acquired 
electron is immediately above the valence band, as shown 
in figure 14. 
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Energy distribution in acceptor type germanium. 

Figure 14. 


B. 


(for.iw increment of energy is required 

0 01 eV) to excite a valence electron into the acceotnr 

energy, since this level is closer to the valf»no« 
even conduction region. This action usually occurs 

Hoofr ^ tempratures, where relatively few valence 
electrons are thermally excited across the entire 
energy gap. Each valence electron excited inti ^ 

impurity level leaves a vacancy ( hoferif tjf vaSncr°®'’'^°'^ 
Dand, so It is possible for valence electro?! energy 

covalent band and move to another with th? ^ 
ternally applied electric fi!ld! 
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C. with the application of an external electric potential, the 
valence electrons are encouraged to move from vacancy to 
vacancy in a direction toward the positive side of the 
external potential. It should be noted that a valence elec- 
tron creates a hole when it moves on to fill an adjacent 
hole, so that the number of holes is constant and deter- 
rmined by the number of acceptor impurity atoms present in 
the lattice. As valence electrons are drifting, the holes 
are drifting toward the negative terminal of the external 
potential. Within the extrinsic range of temperatures, at 
which intrinsic conduction is negligible, the significant 
portion of conduction occurs by this hole current in the 
P-type semiconductor. Actually, the major cariers of charge 
in this material are positive, hence the term P-type 
semiconductor . 

VI. Some electrical properties of semiconductor materials 
A. Resistivity 

1 . The electric resistance of a piece of material depends 
on its atomic structure; on the material length; and on 
its cross-sectional area. Resistance can be expressed 
mathematically as: 

R = ^ 

A 

where R, L, and A are resistance, length, and cross- 
sectional area, respectively, and P is the resistivity 
(specific resistance) of the material. The reciprocal 
of resistivity is conductivity. Resistivity is a 
measure of the degree that a material opposes the flow 
of electric current, and conductivity is the degree that 
a material allows current to flow. A material which 
exhibits a high opposition to current flow is said to 
have a high resistivity. The same material could also 
be said to have a low conductivity. 

2. The manner in which a semiconductor device behaves in ar 
electronic circuit depends greatly on its resistivity, 
which can be controlled over a wide range. The value of 
resistivity (or conductivity) of a semiconductor depends 
on: the charge on each carrier; the concentration of 
current carriers (holes and electrons); and the carrier 
mobility (ease with which carriers may be moved). 

3. The charge on a hole is always +1 and the charge on a 
free electron is -1. These values cannot be changed. 
Thus, carrier concentration and carrier mobility are the 
properties that may be changed to alter resistivity. In 
general, it is desirable to make carrier mobility as 
high as possible. This leaves carrier concentration as 
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the property that can be adjusted to control resist iv“ 
ity. Carrier concentration, or carrier density, is 
measured in holes or electrons per cubic centimeter, 
whichever carrier is the majority carrier. You will 
recall that for an intrinsic semiconductor the number of 
free electrons is equal to the number of holes. Tlxe 
value of the f ree-electron concentration (or hole 
concentration) in an intrinsic semiconductor is called 
the intrinsic carrier concentration . This value in- 
creases exponentially with an increase in temperature. 

B. Thermal generation and recombination 


1 . When a semiconductor is exposed to a temperature above 
absolute zero, some of the heat energy added to the 
material may be acquired by an electron, raising it to 
the conduction band and leaving behind a hole. This 
produces two charge carriers: one hole and one free 
electron. They are said to have been thermally 
generated . As long as the material is exposed to this 
temperature, the free electrons and holes present are i. 
continuous random motion even though there is no net 
current flow. 

2. This may be likened to a swarm of bees around a hive. 
Each bee moves rapidly from place to place in the swarm 
but if no new bees are arriving and none are leaving, 
the net flow of bees is zero, although they are all in 
continuous motion. 

3. The rate at which hole-electron pairs are thermally gen 
e rated depends on the temperature and on the width of 
the forbidden energy gap in the crystal. You will 
recall that germanium has a smaller energy gap than 
silicon. Consequently, at a given temperature, the 
thermal generation rate will be higher in germanium thaj 
in silicon, because it takes less energy to move an 

electron from germanium's valence band to its conductioi 
band . 


As a free electron moves randomly through the crystal 
structure, it may encounter a hole and become a bound 
valence electron. When the electron combines with the 
hole, the hole no longer exists and the electron is no 
longer free? hence, two carriers cease to exist. This 
process is called recombination. 

The rate at which recombination takes place depends on 
the number of holes and free electrons in the material. 
When the rate at which the hole-electron pairs are 
thermally generated equals the rate at which the hole- 

the material is said to be in 

thermal equilibrium. 
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6. Recombination rate may be higher in one material than in 
anotiier even though both materials have the same concen- 
tration of holes and free electrons. High recombination 
rates can be caused by certain types of impurities in 
the Crystal and imperfections in the crystal structure. 
Temperature also has an effect on the recombination 
rate . 

7. Resistivity will decrease (conductivity will increase) 
when more carriers are present to conduct current. 

Since intrinsic carrier concentation increases with 
temperature/ resistivity decreases/ and conductivity 
increases. A typical plot of intrinsic resistivity 
versus temperature is shown in figure 15. 
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Variation of resistivity with 
tempeature for intrinsic silicon. 

Figure 15. 


8. In extrinsic semiconductors/ the number of free elec- 
trons is not equal to the number of holes. In N-type 
materials/ each donor atom contributes a free electron 
wittiout contributing a hole. The only holes present are 
those produced by thermal generation. The thermally 
generated holes are called minority carriers. Simi- 
larly/ in P-type materials/ the only free electrons 
present are those thermally generated/ and the number of 
holes present is equal to the number created by the 
acceptor impurity plus the number generated. The 
thermally generated electrons are called minority 
car r iers. 


51 



9, In an extrinsic semiconductor, the current carriers due 
to the added impurity greatly outnumber the thermally 
generated carriers. For example, in N-type silicon 
suitable for transistor fabrication, there may be 
100,000 electrons from the temperature. Since the 
resistivity of this extrinsic material does not change 
rapidly with temperature over the normal temperature 
range. However, if the temperature is greatly 
increased, the concentration of thermally generated 
carriers may become comparable with that of the 
impurity-produced carriers, and the resistivity will 
become temperature-dependent. If the temperature of the 
semiconductor is increased to such an extent that the 
thermally generated carriers greatly outnumber the 
impurity-produced carriers, properties of the material 
will be mainly dependent on the internal thermally 
generated carriers, and the material will become 
intrinsic. 

10. Resistivity of extrinsic germanium or silicon at room 
temperature is determined almost completely by the 
amount of impurity present in the material. Within 
limits, any desired value of resistivity can be obtained 
by adding the correct amount of impurity during 
formation of the crystal. 

C. Mobility 

1 . It hs been stated that mobility is a measure of the ease 
with which the carriers can be made to move in a 
material. It is measured as the rate of movement of the 
carrier (in centimetes per second) per unit potential 
field (1 volt per centimeter). Thus, mobility has the 
dimensions centimeters per second dividend by volts per 
centimeter, or cm^/volt-sec. 

2. Although mobility does not appear to be very significant 
from resistivity considerations, it plays a very 
important role in the behavior of semiconductor devices. 
In semiconductors, the mobility of the electrons is 
greater than the mobility of the holes, simply because 
it is easier to move a free electron in the conduction 
band than it is to move a bound electron into a hole in 
the valence band. (Keep in mind that the movement of 
electrons in the valence band from hole to hole is what 
brings about the movement of holes.) Since the holes 
can be made to move by the application of a voltage, the 
idea of "hole mobility" is not unreasonable. 
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3. Carrier mobilities in germanium are much higher than the 
corresponding mobilities in silicon. Table 1 shows the 
intrinsic properties of the two materials at room 
temperature. 


PROPERTY 

GERMANIUM 

SILICON 

VOLT 

Electron Mobility 

4,000 

1 ,400 

cm^/volt-sec 

Hole Mobility 

1 ,900 

500 

cm^/volt-sec 

Intrinsic Resistivity 

65 

200,000 

ohm-cm 

Energy Gap 

0.7 

1.1 

eV 


Intrinsic properties of Germanium 
and Silicon at room temperature. 

TABLE 1 . 


4. Although several factors affect the carrier mobilities, 
the nature of the crystal structure through which the 
carriers move has the predominat effect. Any impuri- 
ties or imperfections in the crystal lattice tend to 
retard carrier motion. If the structure is perfectly 
regular, all atoms are in their proper places and no 
extra atoms are present. The carriers can move easily 
through the structure and mobility is high. However, if 
imperfections exist in a crystal, the movement of 
carriers is retarded and mobility is reduced. The types 
of imperfections that can exist in a crystal structure 
are far too numerous to delve into at this time. 

Suffice it to say that one of the most important steps 
in the manufacture of semiconductor devices is the 
forming of crystals with as nearly perfect lattice 
structure as possible. 

5. Temperature is another factor that affects mobility. At 
low temperatures, atoms in the crystal structure tend to 
stay in their regular places. As temperature is 
increased, energy is added to the crystal. Some of this 
energy is used to excite the electrons to the conduction 
band, but some of it is also given to the atomic cores, 
causing them to move very slightly. Although the cores 
do not move away from their positions, they do vibrate 
in and out of position much as a violin string vibrates 
without leaving the violin. This vibration has the 
effect of impeding carrier motion. 
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6. The higher the temperature becomes, the more intense th< 
vibrations become and the lower the mobility becomes. 
Since these vibrations are small at moderate tempera- 
tures, the effect of temperature on mobility does not 
change greatly over the normal operating temperature of 
most semiconductor devices. For intrinsic germanium an( 
silicon, temperature has a greater effect on carrier 
concentration than it has on mobility. 

D. Diffusion currents 

1 . It has been determined that if a voltage is applied to i 
piece of semiconductor material, the holes move to the 
negative terminal and the electrons to the positive 
terminal. The combined effect of this motion of holes 
and electrons constitutes a current. 

2. It is possible for a current to flow in a semiconductor 
even in the absence of an applied voltge if a concen- 
tration gradient exists in the material. A concen- 
tration gradient occurs when the concentration of one 
type of carrier is greater in one part of a semicon- 
ductor than it is in some other part. 

3. When a concentration gradient of carriers (either holes 
or free electrons) exists in a material, the carriers 
tend to move from the region of higher concentration to 
the region of lower concentration. The carriers are 
said to diffuse from the region of high concentration, 
and the current produced by this movement of charge is 
diffusion current. 


Consider a small bar of P-type semiconductor material in 
which the charges are evenly distributed along the 
length of the bar . The concentration of holes and free 
electrons are in equilibrium and no gradient exists. 
Suppose that a large number of electrons (minority 
carriers) is injected at one end of the bar. (How this 
is accompolished will be discussed in PN Junction 
theory.) These added minority carriers cause a higher 
concentration of electrons at the end where they are 
injected than in the rest of the bar. Hence, an elec- ^ 
tron gradient exists. The excess electrons will diffuse 

bar, attempting to come to 3' 
roo distribution throughout the bar. Their motion 

in a diffusion current. The rate at which the ■ 
hence, the diffusion current 
of^the^electrons^^^^ gradient and on the mobility^ 
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5. This might be compared to a car rolling down a hill. 

The rate at which it comes down the hill depends on how 
steep the hill is (gadient) and how easy the car is to 
move (mobility) . A similar reasoning applies when the 
excess carriers are holes. 

6. Presence of excess carriers increases the recombination 
rate in a semiconductor material. Eventually, the 
excess carriers disappear by recombination. The length 
of time required for the excess carriers to disappear by 
recombination is called the Lifetime of the excess 
carriers. 

7. We have seen that two distinct things occur when excess 
minority carriers are injected into a material. The 
carriers diffuse and they recombine with the opposite- 
type carriers. Consider these two occurrences simulta- 
neously. Imagine, again a high concentration of free 
electrons injected at one end of a P-type semiconductor 
bar. The electrons diffuse toward the other end of the 
bar and, at the same time, recombine with holes. As 
they move along the length of the bar, more and more of 
them disapper by recombination. Eventually, all of the 
excess electrons will disappear, but in the meantime 
they have moved along the bar; the distance the 
electrons move before they disappear is called the 
diffusion length of minority carriers. If excess holes 
are injected into an N-type material, the holes will 
undergo the same sort of process as free electrons. 

8. You can see that the diffusion length of minority 
carriers in a material depends on how fast the carriers 
move and on how long they move before disappearing; that 
is, diffusion length depends on mobility and lifetime. 

VII. Formation and behavior of the PN junction 

A. It has been brought out in the information sheet, "Intro- 
duction to Semiconductors," that when a voltage is applied 
to a semiconductor, current flow is brought about as a 
result of holes moving toward the negative terminal and 
electrons moving toward the positive terminal (see figure 
16) . 
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Electron Flow 



The flow of charges in a semiconductor 
due to an applied voltage. 

Figure 16. 


The total current is the sum of the current produced by the 
hole flow and the electron flow. It is considered a single 
current. A second current may exist in a semiconductor. 
This current/ called diffusion current/ comes about as a 
result of a gradient of a carrier concentation . The 
diffusion current may also be due to both hole and electron 
flow. The hole and electron flow is in opposite directions 
and the total diffusion current is the sum of the two. 


B. A material which contains an egual number of positive and 
negative charges is said to be electrically neutral. 

Obgects which are electrically neutral do not attract 
electric charges. An ordinary atom is electrically neutral 
since it has as many negative charges (electrons) as it has 
positive charges (protons). When an atom loses an electron, 
It IS left with a net positive charge and is called a posi- 
tive ion._ When an atom gains an extra electron/ it has a 
net negative charge and is called a negative ion. 


C. 


A sample of semiconductor material is normally electrically 
neutral since it is made up of atoms which are themselves 
electrically neutral. Although a free electron may "wander" 
away from the atom (leaving a positive ion)/ it is still 
inside the semiconductor material/ the semiconductor remains 

^ ® current flows in a semicondaotot 

due to an applied voltage/ electrons are continually leavina 
tne ^terlal at the positive terminal and at the siL ttm^ 
entering (at the same rate) at the negative 
terminal. The semiconductor remains electrically neutral 

considered as a single unit. How- 
•fw' reason/ a semiconductor loses electrons 

without regaining an equal amount, it will be Lit Si^^a 
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net positive charge. Likewise, if it should gain positive 
charges without losing an equal amount, it will be posi- 
tively charged. On the other hand, if it should gain extra 
electrons or lose positive charges, it will become 
negatively charged. When an object becomes positively 
charged and another object becomes negatively charged, a 
potential difference (or voltage) will exist between them. 

Consider an N-type semiconductor such as silicon. Each 
silicon atom consists of a core with a net charge of +4 and 
four valence electrons, each with a charge of -1 . Thus, the 
silicon atom is electrically neutral. Each donor atom has a 
core with a net charge of +5 and five valence electrons each 
with a charge of -1 . Only four of these valence electrons 
are used in bonding with the silicon atoms. The fifth 
electron is free to wander around. As it moves away from 
the donor atom, it leaves behind a positive ion with a net 
charge of +1 . The positive ion is not free to move, as it 
is fixed in the crystal structure. Thus, an N-type semi- 
conductor is studded with immobile positive donor ions and 
mooile negative electrons. In a similar way, P-type silicon 
may be regarded as a neutral material studded with immobile 
negative acceptor ions and mobile positive holes. Figure 17 
illustrates the charge distribution in separate P-type and 
N-type scimples. 
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Chargee in separate P-type and N** type materials 


Charges in separate P-type and N-type materials. 

Figure 17. 


The silicon atoms are not shown and should be imagined as a 
continuous crystal structure over the whole background. The 
immobile ions will be regularly distributed in the crystal 
structure; but the holes and electrons being free to move, 
may be randomly distributed at any moment. 
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By themselves, the separate P and N materials are of little 
practical use. However, if a junction is formed consisting 
of a piece of P-type material joined to a piece of N-type 
material so that the crystal structure is unbroken, a device 
is produced which is extremely useful. We call such a 
device a "diode" and its usefulness stems from the fact that 
it will allow current to flow through it in only one 
direction. 

E. we now turn to the condition of the materials at the instant 
the junction is formed. (We shall take the liberty of 
assuming that we can merely push the two pieces together to 
form the junction.) A completely different set of con- 
ditions will now exist. In the P region, there is a high 
concentration of holes. Since the hole concentrtion on the 
P side is so much greater than that on the N side, the holes 
will diffuse into the N region. The diffusion mechanism is 
similar to the uniform distribution of ink molecules in a 
glass of water after an ink drop has been introduced. The 
ink molecules try to distribute themselves uniformly. In 
technical parlance, we say that a hole concentration 
gradient exists from the P to N region. Similarly, an 
electron concentration gradient exists from the N to P 
region and results in electrons diffusing across the junc- 
tion. See figure 18. 
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Changes in an unbiased PN junction. 
Figure 18. 
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F. At first glance, it would seem that the holes and electrons 
would keep diffusing across the junction and recombine with 
each other until no current carrier remained or until just 
one or the other kind of charge carrier remained. However, 
this is not the case. For each hole that crosses the 
junction from the P to the N side, there remains an un- 
neutralized immobile negative ion on the P side. Similarly, 
each electron that crosses from the N to the P region leaves 
an unneutralized positive ion. These unneutralized, immo- 
bile ions on each side of the junction are called uncovered 
charges , and the electric field between them can be con- 
veniently represented by a battery placed across the 
junction as shown by the dashed lines in figure 18 . 

G. The holes that cross from the P to the N region recombine 
with electrons on the N side. Simarly, electrons from the 
N region recombine with holes on the P side. This flow of 
holes from the P to N side and electrons from the N to the 
P side constitutes a recombination current across the 
junction. This recombination current does not, however, 
persist at some constant value. Instead it falls to some 
very low value vicinity of the junction. The uncovered 
negative ions on the P side start repelling the electrons 
from the N side while the wall of uncovered positive ions 
on the N side repels the holes from the P side. The battery 
in figure 18 , therefore, represents the barrier potential 
set up by the uncovered charges, which inhibits the re- 
combination currents. Thus, it seems that a condition of 
equilibrium is established between the diffusive potential 
of the concentration gradient, the barrier potential of the 
concentration gradient and the barrier potential of the 
uncovered charges. 

H. If thermal agitation caused all the mobile carriers to have 
exactly the same kinetic energy, this simple explanation for 
equilibrium conditions at the barrier would suffice. How- 
ever, the thermal energy impaired to the mobile charge 
carriers is randomly distributed. Statistically speaking, 
some holes and electrons have only a small amount of kinetic 
energy whereas others have a very large cunount. Some of the 
high energy carriers will, from time to time, be capable of 
overcoming the barrier potential. If this were the only 
action, it would seem that the barrier height would keep 
increasing in an effort to compensate for those high-energy 
carriers that manage to hurdle it. Ultimately, we might 
expect the last of the mobile charges to cross the barrier, 
leaving some large barrier potential. 
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I. This is an incomplete, although improved, picture of con- 
ditions at the junction. The thing we are neglecting is 
that no material is perfectly P or N, The P material will 
have some free electrons in it caused by the breaking of 
covalent bonds by thermal agitation. The hole which is 
produced is no different from any other hole in the P side, 
where holes are obviously the majority current carriers. 

The electron in the P material constitutes a minority 
carrier, and it will have some average time of life (called 
lifetime) before it combines with one of the numerous holes 
available. The lifetime of a minority carrier clearly 
depends upon the number of surrounding majority carriers 
which, in turn, is determined by the number of impurity 
atoms introduced into the lattice. 

J. If this electron in the P region survives long enough to 
drift into the vicinity of the junction, it will come under 
the influence of the electric field existing there. The 
direction of the field is such that the electron will be 
swept across the depletion region (region containing the 
uncovered charges) since it is attracted by the uncovered 
positive ions on the N side. Another way of visualizing 
this is to imagine the barrier battery in figure 18 forcing 
electrons from the P to the N side. 

K. By similar reasoning, we see that a thermally generated hol< 
in the N material constitutes a minority carrier that would 
be swept across the depletion region from the N to the P 
side. The flow of thermally generated minority carriers 
across the junction is aided by the potential barrier. 

L. We now have a complete picture, with no external voltage 
applied, the actual equilibrium conditions are as follows: 
There will be a net recombination current across the junc- 
tion which consists of holes climbing the barrier from the 
P to the N side and electrons which climb the barrier in 
the opposite direction. 

M. At the same time, the breaking of covalent bonds will cause 
a net thermally generated current because the minority 
carriers are swept across the barrier. The thermally gen- 
erated current (minority) depends solely upon temperature. 
The net result is that the total junction current is zero, 
which it must be, since shorting a PN junction with a piece 
of wire does not result in a current flow through the wire. 
The barrier height will assume a potential of such value 
that it permits the recombination current to just equal the 
thermally generated current. 
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N. If the amount of impurities added to the semiconductor 

material to start with is increased, the potential barrier 
will be higher and not extend as far into the P and N 
regions. This is due to the mobile carriers not going as 
far or deep into the materials and the height of the barrier 
will be higher due to the increased concentration of donor 
and acceptor atoms. Overall, the barrier will become 
narrower . 

VIII. Forward bias 

A. Consider that an external source of potential is connected 
to the PN junction, as illustrated in figure 19. 
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The PN junction with forward bias permits 
large amounts of current to flow. 


Figure 19, 


Placing the voltage source across the diode causes an 
electrical field which opposes the barrier potential 
(positive to P—type and negative to N—type material) to be 
established through the semiconductor. This is known as 
forward bias. The net effect is that the height of the 
barrier is reduced. For convenience# we might think of the 
external source as trying to push holes from the P to the N 
region and electrons from the N to the P region. The actual 
mechanism involved is, however, not one of pushing but 
merely controlling the net barrier potential. If we vary 
the source from one potential to a higher potential, we 
shall find that the current increases quite rapidly along 
some exponential curve, (Refer to figure 20.) 
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Forward 



Forward bias characteristics. 
Figure 20. 


What is happening is that, in reducing the barrier height, 
the recombination current greatly increases because more 
holes from the P region and electrons from the N region can 
cross the junction and recombine. The thermally generated 
current does not significantly change, for it is solely 
determined by the temperature and not the voltage. Hence, 
in the forward bias case, recombination current is much 
greater than thermally generated (minority) current. 

B. We might be tempted to think that putting a volt or two 
across the junction would annihilate the barrier and permit 
an enormous current flow. This does not occur because, as 
the current increases, more and more of the applied voltage 
is used up as a voltage drop across the bulk of the P and N 
regions. The barrier can be reduced but not destroyed. Any 
attempt to reduce the barrier excessively will result in 
destruction of the semiconductor materials due to the heat 
dissipated in it. 

C. Once the internal barrier potential is greatly reduced by 
the applied forward bias voltage, the current becomes 
limited, only by the source resistance of the applied 
source, the junction lead resistance, and the bulk resis- 
tance, and the bulk resistance of the semiconductor 
materials. The semiconductor material resistance depends on 
amount of doping, cross-sectional area and length. Such low 
bulk resistance (about 1 to 200 ohms) can cause excessive 
current flow; therefore, a current limiting resistor should 
be placed in series with the semiconductor under forward 

:onditions. 
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IX. Reverse bias 


A. If we reverse the polarity of the external battery, the 

junction is reverse biased. That is, the negative battery 
terminal is connected to the P material and the positive 
battery terminal to the N material as in figure 21. 
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Reverse bias connection. 
Figure 21. 


In this case, we see that the field established through the 
semiconductor by the external battery is such at it tends to 
aid the internal potential barrier in keeping carriers from 
crossing to the junction. Mobile holes in the P region are 
urawn away from the junction toward the negative battery 
terminal. Mobile electrons in the N region are also drawn 
away from the junction toward the positive battery terminal. 
The more reverse bias that is applied, the wider the de- 
pletion region grows. If, as is usually the case, the P and 
N sides are unequally doped, the depletion region will ex- 
tend further into the region of higher resistivity (material 
with least doping) . This is easy to unde^rstand if we 
visualize the P and N regions are two resistors in series. 

A larger percentage of the applied voltage will appear 
across the larger resistor. This effect is important in 
transistors, for it results in a condition known as punch- 
through . 
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B. The reverse bias condition in figure 22 may be explained as 
follows; At point "A," both bias voltage and current are 
zero due to recombination current being equal to thermally 
generated current. As reverse bias is increased, the re- 
combination current is decreased while thermally generated 
current remains constant. This explains the curved part of 
the reverse characteristic in the vicinity of the origin 
(starting down at point "A," figure 22. For greater values 
of reverse bias, the recombination curruent is negligible, 
and current essentially equals the thermally generated 
currents (minority). 
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Figure 22. 


C. As the reverse voltage is increased, it seems that the 

reverse current remains constant since it is only tempera- 
ture and not voltage dependent. However, the curve shows 
that between -.1 volt and Vbd (voltage breakdown), the 
reverse current actually increases with reverse voltage. 
Such a characteristic should be expected if there is some 
leakage resistance in shunt with the junction. This leakaq 
resistance is due to dirt or other impurities across the 
junction and little understood surface effects which con- 
tribute to leakage resistance. 
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D. The thermally generated reverse current in the smaller type 
germanium diodes is usually a few microamps at room tempera- 
ture (about 25* C) , It has been found that minority current 
for germanium roughly doubles for every 10* C rise in 
temperature. For silicon diodes, minority currents may be 
as little a 100 micromicroamps at room temperature because 
the energy gap in silicon is higher than in germanium and, 
therefore, at a given temperature, fewer electrons are 
excited out of covalent bonds into the conduction band. The 
value of minority current in silicon roughly doubles for 
every 6" C rise. Even though this is a a more rapid in- 
crease than for germanium, the initial value is so low that 
silicon is generally preferred for high temperature work up 
to 100 C. 

X. Voltage breakdown 

A. As the reverse voltage across the junction is gradually 
increased, a point is reached where the reverse current 
starts to increase rapidly. This incease may be exceedingly 
abrupt in silicon junctions. The breakdown characteristic 
is indicated at Vbd (voltage breakdown) in figure 22. 

Notice that Vbd stays essentially constant for large vari- 
ation in current. This is characteristic of a constant 
voltage source and is the basic principle on which the 
"voltage-regulating" or zener diodes operate. 

B. The sudden increase in current may be the result of either 
of two mechanisms. First, if reverse bias is sufficiently 
increased, it is possible for the electrical field in the 
vicinity of the junction to b ecome quite strong - so 
strong, in fact, that electrons are suddenly pulled out of 
covalent bonds when Vbd is reached. This phenomenon is 
known as zener breakdown . 

C. The second and more common type of breakdown, called 
avalanche breakdown , is due to a secondary emission effect. 
Minority carriers produced by covalent bond breakup, are 
accelerated across the junction by the reverse bias. When 
reverse bias approaches a critical value, the minority 
carriers have sufficient velocity to knock apart covalent 
bonds of atoms they collide with, and these in turn break up 
other bonds, and so forth. The consequence is that a 
tremendous increase in the number of current carriers 
results which make the semiconductor material and junction 
appear to have a low resistance. 

D. Diode reverse current in the breakdown region should be 
limited by an external resistance if reverse bias is to ever 
equal Vbd. The diode will not be harmed if the current is 
limited to a value which keeps the power and hence the 
temperature within safe limits as recommended by the 
manufacturer. 
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XI. Junction barrier capacitance 

A. The depletion region is an excellent insulator since it is 
almost free of mobile carriers and in that sense may be 
likened to the dielectric of a capacitor. The regions 
bordering the depletion region have good conductivity 
because of the presence of charge carriers and therefore may 
be compared to the plates of a capacitor. Since the width 
of the depletion region is controlled by the magnitude of 
the reverse voltage, here is a capacitor whose capacitance 
depends upon the junction voltage. The barrier capacitance 
varies with the method of fabrication of the junction, but 
typical values range from 3 to 100 pF. 

B. In the recent years some manufacturers of semiconductor 
devices have made voltage-sensitive capacitors commercially 
available. They have found extensive application in naval 
electronic equipment, particularly in the field of communi- 
cations, as oscillator frequency controlling devices. 

XII. Diode symbols 

A. Some facts hold true of all semiconductor diodes. A few of 
these are stated here. (Refer to figure 23.) 

B. Figure 23 shows schematic representation of a semiconductor 
diode. The arrowhead of the drawing will always be the 
anode. The anode will always be the P-type material and the 
cathode will always be the N-type material. 

C. In order to forward bias the diode, the anode must always be 
positive with respect to the cathode. To reverse bias the 
diode, the anode must be negative with respect to the 
cathode. 


I 

liemiconductor diode" 


Semiconductor diode. 
Figure 23. 


D. When forward biased, the diode will support current flow by 
means of majority carriers. The circuit current that is 
supported by majority carriers will always flow against the 
arrow. 
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NOTETAKING SHEET 2.4. IN 


SEMICONDUCTOR PHYSICS 


REFERENCES: 

1. Milton S. Kiver. Transistor and Integrated Electronics . 

New Yorkr NY,; McGraw-Hill Book Company. 1972, Fourth Edition. 

2. Slurzberg and Osterheld. Essentials of Radio-Electronics . 

New York, NY,; McGraw-Hill Book Company, Inc., 1961, Second 
Edirion. 

3. Trinklein, Metcalf, Lefler, and Williams. Modern Physics . 

New York, NY.; Holt, Rinehart, and Winston, Inc., 1968, 


NOTETAKING OUTLINE; 

I, Atomic structure 

A. General information 


B. The atom 



The electrons of an atom 



Periodic chart 



B. Chemical bonding 


F. Energy levels of isolated atoms 
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6. Energy bands 
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Figure 1. - Energy bands: 



c CONDUCTOR 


(a) insualtor (b) semiconductor 
(c) conductor 


II. Intrinsic materials 


72 



LEGEND 

—►‘ELECTRON 
• HOLE 

ELECTRON- PAIR BOND 

O GERMANIUM CORE 

Figure 2. — Movement of hole through crystal 







Electron Flow 



Figure 3, — Intrinsic conduction. 
III. Extrinsic materials 
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IV. Electrical properties of semiconductors 
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V. PN junctions 
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Figure 6. — Diffusion. 
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VI. Forward biased PN junctions 
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Figure 7. — Charges in an unbiased PN junction. 


VII. Reverse biased PN junctions 
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Figure 8. — Forward biased PN junction. 
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Figure 9. — Reversed bias PN junction. 
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Figure 10. — Reverse bias versus reverse current. 


VIII. Diode Symbology and use 
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Figure 11. Diode symbology 
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DATA SHEET 2.5. ID 


PN JUNCTIONS LABORATORY 


INTRODUCTION 

The purpose of the data sheet is for you to record the effects of 
forward and reverse bias on a PN junction and the effects of 
temperature changes on current flow through the junction. 

1 . Forward- and reverse-biased PN junction; 

a. Complete table 1 , entering d-c measurements in spaces 
provided. 


FORWARD BIAS 

reverse bias 

-Vbe Ib 

+Vbe Ib 

-0.10 V 

+0.1 V 

-0.14 V 

+0.5 V 

! 

> 

CM 

• 

O 

1 

+2.0 V 




TABLE 1 

b. Complete the following graph, using the information obtained 
f rom Table 1 . 
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c. Temperature effects on PN junction 

( 1 ) Ig at room temperature 

( 2 ) I 3 with heat applied 

(a) State the effect of heat to the PN junction with 
respect to minority current carriers. 


(b) State the effect of removing heat from the PN junc- 
tion with respect to minority current carriers. 


d. PN junction resistance calculations: 

(1) Forward-bias resistance at -0.2 V 

(2) Reverse-bias resistance at +2.0 V 

e. Questions (Fill in the blanks.) 

(1) The major characteristic of a PN junction when forward 

biased is . 

low/high resistance 

(2) When reversed-biased, the PN junction resistance is 

very . 

low/high 

(3) When temperature increases, the amount of reverse 

current . 

increases/decreases 

(4) If not controlled, what effect will a continued incre< 
in temperature have on the PN junction? 


Instructor's initials 
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INFORMATION SHEET 2.6.11 


JUNCTION TRANSISTORS 


INTRODUCTION 

With the increased utilization of transistors, it has become 
essential that you as technicians acquire an understanding of 
transistors. The main purpose of this information sheet is to give 
attention to the fundamental principles of transistor action. 


REFERENCES 

1. Electronic-Circuits , NAVSHIPS 0967-00-0120, pp. 5-10 to 5-20. 

2. Essentials of Radio-Electronics , Slurzberg & Osterheld, McGraw 
Hill Co., 1961 2nd Editioin. 

3. Transistor and Integrated Electronics , Kiver, McGraw-Hill Co., 
1972 4th Edition. 


I . INFORMATION 


A. General information 

1. The advantages of using transistors are well known and 
need only cursory mention. Chief among the advantages 
are the small physical size and the extreme ruggedness of 
the transistor. Although designed to perform many of the 
functions of the vacuum tube, this device requires no 
filament power and operates with very low bias voltages. 

2. Although the disadvantages of the transistor are steadily 
being diminished, present limitations to its use exist. 
There is still a basic limitation on the power handling 
ability, and the temperature dependence of its character- 
istics are often a challenge. The low resistance of 
transistors to radiation fields is another disadvantage. 

3. With the increased utilization of transistors, it has 
become essential that technicians acquire under- 
standing of transistors. The main purpose of this 
information sheet is to draw forth the fundamental 
principles of transistor action. 
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B. Basic transistor action 

1. If it were possible to simulate the circuit in figure 1» 
useful work could be performed. 


Eo*IOV 


vW 

Ri-ion 


I-i-jO 
R| 10 

p| =i2R| 


•I AMP 


= 1 X 10 *10 WATTS 


vW” 

R2 - lOOOn 


P2 • R2 

-|2X 1000- 1000 WATTS 



POWER GAIN-fL 
Pi 

^ ’lM = ioo 
B 


Figure 1 Trans fer + Res istor = Transistor 

Connecting resistor in series with the 10-volt batter 
by placing the switch in position "A" would cause an 
ampere of current to flow, resulting in a power dissi- 
pation in Rx of 10 watts. If, when throwing the switch, 
to position "B" approximately the same 1 ampere could b€ 
made to flow through R 2 , a hundredfold gain in power 
dissipation would result. If R 2 were in a position to 
offer a large portion of the dissipated power to an 
external load where useful work could be performed, 
figure 1 could be considered an active circuit because < 
its ability to amplify power. The transfer of current 
across two resistance ratios gives rise to the name 
transistor, and is the basic analogy of transistor 
action. 

2. It is suggested that the reader review figure 1 and its 
operation before continuing, and keep in mind throughou 
the analysis of transistor action that in its simplest 
form transistor action consists of; 

a. Transferring approximately the same current across 
unequal resistances. 

b. Utilizing the power developed across the high 
resistance to perform some useful work. 

C. Transistor analysis 

1. In your previous lesson on junction diodes, two very 
important characteristics of biased PN junctions were 
discussed. Observation of figure 2 reveals that a PNt 
junction biased in the forward direction is equivalent 
to a low-resistance element (high current for a given 
voltage). 
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Figure 



2: Conditions existing at a forward and reverse-biased PN 

junction . 

Further observation of figure 2 reveals that the PN 
junction biased in the reverse direction is equivalent to 
a high resistance element (low current for a given 
voltage). Notice also that as the reverse bias voltage 
increases, the minority current remains relatively con- 
tent until avalanche is reached. Thus, it can be seen 
in figure 2 that : 

a. The amount of current flow through a forward-biased 
junction is primarily voltage dependent. 

b. The amount of current flow through a reverse-biased 
junction is not voltage dependent, but primarily 
dependent upon the number of minority carriers in the 
P-and N-type materials. 

Applied logic at this time will reveal the transistor 
action idea. 

2. If a crystal containing two PN junctions were prepared, a 
signal could be introduced into one PN junction biased in 
the forward direction (low resistance) and extracted from 
the other PN junction biased in the reverse direction 
(high resistance). Such a device would transfer the 
signal current from a low resistance to a high resistance 
circuit. 
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NPN Transistor 
Figure 3 

3. Figure 3 depicts the basic model of transistor action. 
Notice that the N-type material labeled emitter is forwa 
biased with respect to the P-type base, and the N—type 
collector is reverse biased with respect to the P-type 
base. Resistors and R 2 represent the resistance of t 
emitter-base junction and collector-base junction 
respectively. 

4. A basic analysis is as follows: with the emitter-base 
junction forward biased a current will flow across the 
junction. Some of this current will continue on in the 
P-type base, and some will exit the P-type base to the 
forward-biased battery. In figure 2, it was pointed out 
that current flow across a PN junction under reverse- 
biased conditions is due to minority carriers. In our 
model, the electrons in the P-type base would be minor it 
carriers. It was also stated that the current across a 
reverse-biased junction was dependent upon the number o: 
minority carriers and not the bias voltage. Therefore, 
some percentage of the original carriers (electrons) th; 
crossed the base-emitter junction could cross the 
collector-base junction. Because the collector-base 
junction is reverse biased, it offers a high resistance 
the electrons which cross the junction (represented by 
resistor R2). Thus, we have transferred current from a 
low resistance to a high resistance. 
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5. However, our picture is incomplete at this time. It was 
also stated earlier that in order to have transistor 
action, approximately the same amount of current that 
flowed through the low resistance must also flow through 
the high resistance. Thus, our problem is to minimize the 
current flow out of the base lead in figure 3, and to 
cause most of the current that crosses the emitter-base 
junction to cross the collector-base junction as well. 



N P N 



+ Fixed Ionized Donor Atom o Mobile Free Hole 

- Fixed Ionized Acceptor Atom • Mobile Free Electronc 


Changes in the Emitter, Base, and Collector Region 

Figure 4 

6. Figure 4 shows a schematic illustration of the charge 
distribution in the emitter, base, and collector region of 
a transistor. The valence 4 atoms; i.e., silicon or 
germanium, are not shown and should be imagined as a 
continuous crystal structure over the whole background. 

7 . Notice that there are more carriers in the N-type emitter 
than in the P-type base, and that there are more carriers 
in the base than in the N-type collector (as a result of 
the manufacturing technique). 
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8 . 


Considering only the base-emitter junction for the tine 
being, as forward bias is applied to the junction, 
electrons from the N-type (emitter) material will flow 
across the junction. On entering the P-type (base) 
material, they will encounter only a small number of holes 
and so will travel a long distance before they can 
recombine. At the same time, holes flowing across the 
junction from the P-type (base) material will meet a high 
concentration of electrons and so will very quickly 
recombine in the N-type region. 

9. Re-examination of figure 4 will show that the electrons 
which enter the P-type base region must travel very deep 
into the region itself in order to recombine with a hole. 
The electrons in the base region are in effect trying to 
spread themselves out in order to recombine. This process 
was defined in your lesson on PN junctions as diffusion . 

10. Each time an electron does recombine with a hole in the 
P-type base region, the region is no longer electrically 
neutral, but takes on a negative charge (recall that an 
atom that takes on an excess electron is defined as a 
negative ion ) . 

11. In order to regain its electrical balance, the base will 
give up an electron to the external circuit which gives 
rise to a current called Ig (base current). 

12. Again recall that our goal is to get as much as possible 
of our emitter current (Ig) to flow through the base 
region and become collector current Hq) • (Again review 
figure 1.) Figure 3 reveals that collector current (Ic) 
is simply the emitter current (Iw) minus any base current 
(Ifi)- 


Therefore, minimizing Ig will cause Ij, to approach Ig. 

13. The action taken to minimize Ig should be very easily 
understood at this time. As stated earlier, the 
electrons must travel by diffusion through the base 
region. The distance they travel through the P-type 
(base) region before they recombine with a hole is called 
their diffusion length. Now, let us introduce another PN 
junction by arranging a second N-type material (collector) 
to the right of the base and, at the same time, make the 
base itself very thin. As the electrons diffuse through 
the center P-type (base) region, some of them recombine in 
the process. However, if the width of the base is made 
very small as compared to the diffusion length of the 
®l®<2hrons only a few recombinations will have taken place 
within the base region before the main flow reaches the 
second PN junction (collector-base). 
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U. Note that the collector-base junction is reverse biased to 
the majority carriers in the collector and base; i.e., 
electrons in the N-type collector and holes in the P-type 
base. But the carriers diffusing toward the collector- 
collector-base junction are electrons in the P-type base 
material (minority carriers). Therefore, the collector- 
base junction will appear as a forward bias, and the 
electrons will be swept across the junction. These excess 
electrons in the N-type collector will give it an excess 
negative charge which it can easily give up to the 
external battery terminal in the form of I^. Recall also 
that it is not the reverse bias voltage that is con- 
trolling the amount of electrons, but the forward biased 
emitter-base junction which controlled the electrons 
flowing into the base. 

5. The process of causing majority carriers to cross over a 
PN junction and flow as minority carriers on the other 
side is called injection . This process describes precisely 
the action that takes place at the emitter-base junction. 

■6. Our picture on transistor action is now complete, and can 
be described as three basic mechanisms: 

a. Injection - The process (under forwrd bias conditions) 
where majority carriers from the emitter are made to 
cross the emitter-base junction and flow as minority 
carriers in the base region. 

b. Diffusion - The process by which the minority carriers 
(electrons ) in the P-type base region travel (from an 
area of high carrier concentration to an area of low 
carrier concentration). 

c. Collection - The process of causing minority carriers 
( electrons in a P-type material) to become majority 
carriers (electrons in an N-type material) and giving 
them up to the external circuit. 

7. In our transistor model, external current was supported by 
majority carriers (electrons) in the transistor itself. 

The electrons are majority carriers in both the emitter 
and collector, both of which are N-type carriers. The 
same three mechanisms of transistor action can be achieved 
in a PNP transistor. 

8. Figure 5 depicts the basic model of a PNP transistor. 
Notice that in this configuration the emitter and the 
collector are both P-type material, and the base is N-type 
material. The emitter-base junction is forward biased, 
and the collector-base junction is reverse biased. 

However, note that in order to achieve the correct bias 
polarities, the batteries are connected opposite to those 
shown in figure 3 (NPN transistor). 
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Figure 5 

bias is applied to the enitter-base junction, 
holes are accelerated across the enitter-base junction, 
once the holes enter the base region, they become minority 
carriers (holes in an N-type material). The holes will 
recombine with some of the excess electrons in the N-type 
ase, creating positive ions. In order to regain its 
electrical balance, the base will readily accept an 
® external circuit for each positive ion 

which is created by an electron-hole recombination. 

owever, in order to reduce the number of recombinations 
in the base, the base is made very thin and the emitter 
more heavily doped just as in the case of the NPN 
transistor (figure 4). The holes that do not recombine in 
the loase region continue to travel by the diffusion 
process; i.e., from an area of high carrier concentration 
lower carrier concentration. Those holes 
which diffuse near the reverse-biased collector-base 
junc ion are swept across the junction by the reverse bias 
electric field. Once these holes enter the P-type 
collector region, the collector must accept electrons fror 

the external circuit in order to achieve its electrical 
balance. 


external circuit current (electrons) is 

internal majority current carriers. In the 

anfl carriers are holes in the emitter 

and collector P-type material. 
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In the NPN transistor (A, figure 6), the emitter-to- 
collector current carrier in the device is the electron. 
For electrons to flow internally from emitter to 
collector, the collector must be positive with respect t 
the emitter. In the external circuits, electrons flow 
from the emitter to the collector or opposite to the 
direction of the emitter arrow. 

2. In the PNP transistor (B, figure 6), the emitter-to- 
to-collector current carrier in the device is the hole. 
For holes to flow internally from emitter to collector, 
the collector must be negative with respect to the 
emitter. In the external circuit, electrons flow from t 
collector to emitter opposite to the direction of the 
emitter arrow. 

3. The following generalizations are helpful in analyzing t 
behavior of transistor circuitry. These generalizations 
apply to a transistor that is operated as a class A 
amplifier. 

a. The first letter of the type of transistor indicates 
the polarity of the emitter voltage with respect to 
the base. A PNP transistor has positive d-c voltage 
applied to the emitter (+V 2 g). A NPN transistor has 
negative voltage applied to the emitter. (-Vee)* 

b. The second letter of the type of transistor indicate 
the polarity of the collector with respect to the 
base. A PNP transistor has negative d-c voltage 
applied to the collector (-V^cK An NPN transistor 
has positive d-c voltage applied to the collector 
(+Vcc). 

c. The first and second letter of the type transistor 
indicate the relative polarities between the emittei 
and the collector respectively. In a PNP transistoi 
the emitter is positive with respect to the collectc 
the collector is negative with respect to the emitts 
(-Vce)» In an NPN transistor, the emitter is negati 
with respect to the collector; the collector is 
positive with respect to the emitter (+Vce)* 

d. The d-c electron current direction is always against 
the direction of the arrow on the emitter (Ie)* 

e. If the electrons flow into or out of the emitter, tl 
electrons flow out of or into the collector 
respectively (Ic). 

f. The base current is always equal to the emitter 
current minus the collector current (Ig = Ig -Ic)* 
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g. The base-emitter junction is normally forward biased. 
In a PNP transistor, the base is negative with respect 
to the emitter (-Vgg). In an NPN transistor, the base 
is positive with respect to the emitter (+V 3 E). 

h. The collector-base junction is normally reverse 
biased. In a PNP transistor, the collector is 
negative with respect to the base (-V^b) . In an NPN 
transistor, the collector is positive with respect to 
the base (+Vqb). 

i. An input voltage that aids (increases) the forward 
bias increases the emitter and collector currents. 

j. An input voltage that opposes (decreases) the forward 
bias decreases the emitter and collector currents. 

k. The reverse bias voltage (V^g) is normally much 
greater than the forward bias voltage (Vgg) in a 
transistor. Typical values of V^g range from 3 to 8 
volts d-c. Typical values of Vgg are .2 volts d-c for 
germanium and .6 volts d-c for silicon crystals. 

II. Circuit Configurations 

A. Since the transistor is a three-element, three lead device, 
it is possible to use it in any of three different, useful 
configurations. The identification of each of these 
individual circuits is derived from the element "common" to 
both input and output. The three possible connections are: 
common-base, common-emitter, and common-collector. An often 
used variation is "grounded* emitter, "grounded" base, etc., 
since the common element is usually returned to the signal 
ground point in a circuit. 

B. Common-base zunplifier 

1. It is convenient to start a detailed examination with the 
common-base amplifier, which is normally considered to be 
the "reference amplifier" for any comparisons of the three 
amplifier configurations. 

2. Figure 7 is a schematic drawing of a common-base amplifier 
of the PNP type. Notice that the input is supplied 
between the emitter and base. Thus, the base is common to 
both the input and output. In "transistor symbology" you 
were given some general rules to follow vdien analyzing 
transistor circuits. Following these rules, you will find 
for proper operation that Vgg must, be a positive voltage 
and Vqq a negative voltage for proper bias potentials. 
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3. The input signal is coupled to the emitter. The emitter 

bias is established by +6 volts (Vee) • Current flow 
through the emitter is limited by Rg, a 10 k-ohm resistoi 
The resultant Ig (approximately equal to will develoj 

Re 

a small forward bias voltage across the emitter-base 
junction (Veb)* The forward bias voltage will be very 
small (.2 to .6 volts). Vcc is the collector supply 
source, and is chosen to provide the desired voltage 
gain. The reverse-bias voltage {'Vq-q) is equal to Vcc “ 
IcRc* The reverse bias voltage will normally be very larc 
{ 3 to 6 volts ) as coraapred to the forward bias voltage . 

4. Let us analyze the amplifier under dynamic (signal) 
conditions . 


I n 



Common-Base Amplifier 
Figure 7 
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5. As the incoming signal goes negative, it will counteract 
some of the normal positive bias between emitter and base 
(Veb). As stated earlier, an input voltage that opposes 
(decreases) the forward bias will decrease the emitter and 
collector currents. The decreasing collector current will 
reduce the voltage drop across Rq, making the collector 
potential more negative. (Vcb = Vqc “ Ic^c)* Thus, a 
negative-going input signal produces a negative-going 
output signal. During the positive half-cycle of the 
input signal, the emitter will be driven more positive 
than it was under static (no signal) conditions. This 
will increase the current in the emitter and collector 
leads and cause the voltage drop across R(; to increase. 
Again, we see that the polarity of the input signal 
determines the polarity of the output signal. 

6. For the output, a load resistor (R^ of 1000 ohms) is used. 
Insofar as the current is concerned, there is less at the 
output (i.e., collector) than at the emitter. Iq = Ig 
-Ifl. The difference (Ib) is normally 1 or 2 percent of the 
total current in the device (Ig). 

7. The ratio of the change in the output current {!(;) to the 

change in the input current (Ig)* or £c, is referred to 

as the "alpha" (3) of the transistor. Thus, the current 
gain of this amplifier arrangement is less than 1, and 
this might lead one to believe that the circuit has little 
use. This is not true; a large voltage gain may be 
obtained because the output load resistance is much 
greater than the input resistance. Thus, if we assume an 
input resistance of 50 ohms (the forward biased emitter- 
base junction) and utilize a 1000 ohm load resistance, the 
voltage gain (input to output) is: 

Voltage gain = ^^out = ^IpRp 

^Ein ^■‘■ERin 


AIf» = 0.98 for a typical value 
AIe 


Hence, 

Voltage gain 


Voltage gain = 19.6 


= AEout = 0.98 X 1000 

50 


AE 


in 


= 0.98 X 200 
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By the same token, a power gain is also possible: 
Power = i2r 
P ower gain = ^^out 



» .982 X 20 


= .96 X 20 

Power gain = 19.2 

8. In the input impedance of a transistor in the common-base 
configuration is very low because of the forward biased 
emitter-base junction. The output impedance, if we remove 
the load resistor and look into the collector, is very 
high, on the order of 1 to 2 megohms. However, when we 
connect a load resistor of 1000 ohms, then this is the 
value of the output impedance since it completely swamps 
the 1 to 2 megohms with which it is basically in parallel. 
It is well for the reader to keep this distinction in ^nd, 
because reference is often made in literature to the high 
output impedance of the common-base arrangement, and this 
means without the load resistor. Once a much smaller load 
resistance is connected to the collector, its value will 
essentially determine the output impedance. 

9. In summary, the characteristics of the common-base 
amplifier configuration are; 

a. No phase inversion between input and output. 

b. Low input resistance because of forward biased junctioc 
(Veb) typical values 50-100 ohms. 

c. The output signal sees a reverse biased junction (Vcb)- 

(1) Typical values 1-2 megohms. 

(2) In a practical circuit, Rq shunts the output 
resistance of the transistor. 

d. The output to input resistance ratio is high. This 
leads to a very high voltage gain. 
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e. 

The current gain is less than 1. 



Output = ^ “ 

Input ^1 e 


f . 

The power gain is moderate. Low current gain times a 
high voltage gain- 

g- 

The Input signal is applied between the 
base . 

emitter and the 

h. 

The output signal is taken between the 
the base. 

collector and 

i . 

The base is "common" to both the input 

and the output. 


C. Conmon-Eiuitter antplifiei' 


Rc-IK 


V*-6v<Jc 



Comition.”Einitter Amplifier 
Figure 8 
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1. The common-emitter amplifier shown in figure 8 is the most 
popular amplifier configuration of the three types, for 
reasons that will become quite obvious. Notice the 
polarities of the bias supplies Vqb and V^c* These voltage 
polarities are necessary for proper operation as outlined 
previously under "transistor symbology." The input signal 
is coupled to the base. The base bias is established by -6 
volts (Vbq) . Current flow through the base is limited by 
the base resistor Rb» a 60 k-ohm resistor. The resultant 
Ib (approximately equal to Vrr ) will develop a small 

forward bias voltage across the base emitter junction 

(Vbe) • 


2. As is normally the case, this foirward bias voltage will be 
very small. Vcc is the collector supply source, and is 
chosen to provide the desired voltage gain. The reverse 
bias voltage (V^b) is equal to Vqq -IcRq 

3. Again, let us analyze the amplifier under dynamic con- 

ditions. As the incoming signal goes negative, it will 
aid (increase) the normal negative bias between base and 
emitter (Vbe) • input voltage that aids the forward bias 

will increase the emitter and collector currents. The 
increasing collector current will increase the voltage drop 
across R^, making the collector potential (Vq) more 
positive (Vc = Vcc • Thus, a negative-going input 

signal produces a positive-going output signal. During tlie 
positive half-cycle of the input signal, the base will be 
driven more positive than it was under static (no signal) 
conditions. This will decrease the current flow in the 
emitter and collector leads causing the voltage drop across 
Rc to decrease. This decreased voltage drop will cause Vc 
to become more negative. Thus, in the common-emitter 
amplifier polarity inversion between input and output. 

4. For the output, a load resistor of 1000 ohms will again t>e 
utilized to compare the characteristics of the amplifier to 
those of the common-base amplifier. 

5 . Since the input signal is applied to the base in the 
common-emitter amplifier, it is the variations in the 
signals on the base which control the collector current. 

As stated previously, * Ie "^b* also stated that 

the difference in Ie and is Ib# which is normally 1 or 2 
percent of the total current (IeT* In fact, the transistor 
was intentionally designed to minimize Ib* i.e., thin base 
region, heavily doped emitter. Thus, it follows that very 
minute variations of base current produce significant 
variations in collector current. If we assume base current 
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to be 2% of total current (Ie)» and the base current were 
.1 mA ( Vrr ) , the emitter current would be 5 mA and the 

Rb 

collector current 4.9 mA. (Ic * Ic “ 

Hence, the current gain in the common-emitter amplifier is 


Current gain = AIC 

AIb 

Tbe ratio of Alg is called Beta (P). In our amplifier the 
Mb 

base current would be .1 mA, while the collector received 
4.9 itiA. Substituting these values, we obtain 



_ 4.9 ma 
.1 ma 


6 = 49 

6. Note that a sizeable current gain is obtained, in contrast 
to the small loss incurred in the common-base amplifier. 

The input resistance of the common-emitter amplifier is 
quite a bit higher than the input resistance of the 
common-base amplifier. As was the case with the 
common-base amplifier, the input is applied across a 
forward-biased junction (Vee) ; however, the current f 
through the junction (Ib) is quite small as compared to the 
current flow through the common-base forward-biased 
junction. 


Rin = tlBE. 
AIb 


Typical values — ■*? = 2 k-ohms 

The output impedance, looking into the collector, before 
any load is connected, is about 500,000 ohms. This is 
somewhat less than the value presented by the common-base 
amplifier. As was the case in the common-base amplifier, 
the 1000 ohm load resistor Rc will swamp out the 500,000 
ohm output impedance. 
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7. Thus, a voltage gain will also be obtained because of the 
current gain and the resistance ratio of the common emitter 
amplifier configuration. 

Voltage gain = current gain x resistance 


Me X 

^in 


— 49 X ^QQO 


2000 


= 24.5 


8. This is somewhat larger than the voltage gain achieved with 
the common-base amplifier. The difference is not very 
much; however, power gain is considerably better. 


Power gain = 

AlB^Rin 
= 492 X .5 
= 1200.5 

9. In summary, the characteristics of the common-emitter 
amplifier are: 


a. There is a polarity inversion between the input and 
output . ^ 


b. Higher input resistance than the CB amplifier. Typical 
value 2 k-ohras. 


c. 


^e output resistance of the common-emitter 
less than that of the common-base amplifier 
Rc will shunt the output just as it did the 
amplifier. 


is slightly; 

However, 

common-base 


d. 


The output to input resistance ratio 
leads to a good voltage gain. 


is moderate. 


Ttiisi 


e. 


There is a good current 
configuration . 


gain in the common-emitter 


= 0 

AIb 
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(1) To relate 3 to a 

(a) 3 = 

AIb 

(b) Ib = Ie - ic 

(c) 3 = Ir 

- Ic 

(2) Dividing denominator and numerator by Ig 






( 3 ) However , Alp _ a 
AIe 

f. By substitution; 3 = a 

1-0 

(1) It can be seen that by keeping the recombination 
currents in the base circuit very low, alpha 
approaches unity. 

(2) As o approaches unity, 3 will approach infinity. 

g. There is a very high power gain in the common-emitter 
amplifier. 

10. It is because of its higher current gains, power gains, and 
the relatively close input-to-output impedance ratio (1 to 
2 in our example), that the common-emitter cuiplifier con- 
figuration is the most popular configuration in transistor 
circuits. 

D. Common-Collector Amplifier 

1 . The final transistor amplifier circuit arrangement is the 
common-collector. This is shown schematically in figure 9. 
Note that the collector of the transistor is not at d-c 
ground since the collector still requires a -Vcq. Note also 
the bias polarities. They are the same polarities as were 
required for the common-emitter amplifier in figure 8. 
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Vjg -6Vdc 


8K 



Common-Collector Amplifier 
Figure 9 

2. The input signal will be developed across the base- 
collector junction (the collector is the common element), 
and the output signal will be developed across the emitter 
resistor Rg. Thus, in the common- collector amplifier, the 
input is applied to the base and the output is taken from 
the emitter with the collector the common element. 

3. Analyzing the amplifier under dynamic conditions, as the 
incoming signal goes negative, it will aid the normal 
negative bias between base and emitter (Vbe)* An input that 
aids forward bias will increase the emitter and collector 
currents . 

4. The increasing emitter current will increase the voltage 

across the emitter resistor Rg (negative to positive 
from the top of Rg). Therefore, a negative-going input 
signal will develop a negative-going output signal. Durim 
the positive half-cycle of the input signal, the base will 
be driven more positive than it was with no signal applied 
This will decrease forward bias, and will lend to a 
decreasing current in the collector and emitter leads. Th 
decreased emitter current will decrease the voltage drop 
across the emitter resistor, causing the output signal to 
go in the positive direction. Thus, in the common-collecto 
configuration, there is no polarity inversion between inpu 
and output. The current gain of a common-collector 
amplifier is slightly higher than was the current gain (g), 
in the common— emitter amplifier. 
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5. The reason for this is fairly simple and can be shown as 
follows: the input current is the base current, Ig. The 

output current is the emitter current Ig, and this we Xnow 
is equal to Ig + Ic* Hence, 


Current gain = 

Alg 




= e + 1 


The ratio of the change in output current, Ig, to the 
change 


input current, Ig, or AIt;. is referred to as "gamma", y . 

Alg 

6. The voltage gain of the cimplifier is always less than 1, 
although generally it is not much less than 1. The emitter 
resistor develops the output signal which will be in the 
same polarity as the input. 

7. As can be seen in figure 10, as the input signal goes 
negative (which would increase forward bias ) , the output 
waveform also goes negative, which tries to reduce the 
forward bias. The actual difference between the input and 
the output would be the voltage dropped across the forward 
bias junction RgE* 

Since this resistance is very low, the output voltage will 
nearly equal the input voltage. In short, what we have is 
considerable degeneration. 
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-Vcc 



Input Resistance of the Coimnon-Col lector Amplifier 

Figure 10 

8. Power gain is achieved in the stage because of the large 
current gain, but the gain is less than it is in the 

common-base or common-emitter characteristics. 

9. In summary, the characteristics of the common-collector 
amplifier are: 

a. There is no polarity inversion between the input and 
the output. For this reason the common-collector 
amplifier is frequently referred to as an 
emitter- follower . 

b. Highest input resistance of the three possible 
configurations. The input is applied between the 
collector-base junction which is reverse biased. 

c. The output resistance is very low in the common- 
collector configuration, the emitter resistor is 
primarily the load. 

d. The voltage gain is less than 1. You may be wondering! 
Why use a common-collector stage if the voltage gain is 
less than unity? Because the input resistance is quite 
^^9^ (approximately 100 k— ohms) and the output resis- 
tance quite low (approximately the size of Rg) we can 
use the common-collector similar to a transformer in 
that it can be used to transform (step down) the value 
of load resistance. However, it is quite different 
from a transformer in that the value of output voltage 
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is approximately equal to the input voltage, whereas a 
transformer must step voltage down in order to trans- 
form impedance from high to low. 

e. There is a high current gain in the coramon-col lector 
configuration 

= Gamma = y = ( 3 +1 ) 

AIb 

f. There is a very low power gain in the common-collector 
amplifier because of the low voltage gain, and low 
output resistance. 



R 


E. Comparisons of amplifier configurations 

1. Figure 11 is a table of comparisons of the three amplifier 
configurations. Note that there are no comparative values 
given for current gains, voltage gains, or power gains. 

The reason is quite simple. The actual values of circuit 
gains (current, voltage, and power) are dependent on the 
size of the load and the input resistance. 



**OmNO» ON TNANtlSTOfl, TCMMINATKMt. CTC. 


TRANSISTOR CIRCUITS AND CHARACTERISTICS 

Figure 11 






















2. However, it should be remembered that with the proper 

terminations, the common-base amplifier is capable of the 
highest voltage gain, the common-emitter the highest power 
gain, and the common-collector the highest current gain. 

III. SPECIFICATIONS 

A. An indispensable tool for anyone dealing with the design, 
operation, or service of electronic equipment is the 
transistor manual. Here, we find the mechanical and 
electrical specifications for each type of transistor. In 
similar fashion, equivalent data is published by transistor 
manufacturers for each of their products. Transistor 
manufacturers' sheets contain the specifications of a 
particular transistor, including maximum ratings, 
characteristic curves, and physical outline. 

1. A typical specification sheet is shown in figures 12 and 
13. The various sections of the specifications are 
numbered 1 to 3, and the appropriate explanations of eact 
will be discussed. 

2. We will not cover each specification at this time due to 
the degree of knowledge on transistors required. Howeve: 
in later lessons, as your knowledge of transistors 
increases, you will be able to interpret all of the data 
given by the nanufacturer in his specification sheet. 

a. The lead paragraph is a general description of the 
device and usually contains three specific pieces of 
information: in this instance, an alloy- junction 
germanium PNP transistor, a few major applications a 
computers and switching applications, and general 
features such as standard size and type package. 

b. The absolute maximum ratings which must not be 
exceeded. To exceed them may cause device failure. 
The dissipation of a transistor is generally limitec 
by the junction temperature (Tj). Therefore, the 
higher the temperature of the air surrounding the 
transistor (T^ = ambient temperature), the less pow« 
the device dissipates . A factor which indicates ho\ 
much the transistor must be derated for each degree 
increase in ambient temperature is usually given. 
Note that the 2N404 (given on the specifications 
sheet) can dissipate 150 mW at a T;^ of 25"C. By 
applying the given derating factor of 2.5 mW for eal 
degree increase in cunbient temperature, we find tha 
the power dissipation will drop to zero mW at 85*C.i 
This, then, is the maximum operating temperature of 
the transistor. 
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c 


All of the electrical characteristics define vAiat the 
device is capable of under specified test conditions. 


(1) "Forward current transfer ratio" is another name 
for 0. In this case, we are talking about an a-c 
characteristic, so the symbol is hfg. If the d-c 
Beta is meant, the symbol is Hpg. For the 2N404 
Beta is 135. This simply means the current gain 


Ale 

AIb 


135. 
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TYPES 2N404, 2N404A 
HIGH-FREQUENCY TRANSISTORS FOR COMPUTER 
AND SWITCHING APPLICATIONS 

Close parameter control and the JEDEC TO- 5 welded pockoqe 
ensure device reiiobility and stable chorocteristics 



environmental tests 

To ensure maximum reiiobility, stobility, and long life, oil units ore aged of lOO®C for iOO hours minimum 
prior to elcctficol chorocterizotion. All transistors ore thoroughly tested for complete adherence to specified 
design chorocteristics. In oddition, continuous guolificotion tests ore made comprising temperature > 
humidity cycling, shock ondvocuum leak testing under rigid in>process control procedures. 


1. mechonicoi date 

Metal cose with gloss-to-metol hermetic seal between cose ond leods. Unit weight is opproximately I grom. 
These units meet UEOEC TO-5 registrotion. 


Ail leads Insuloted from the cose. 



ALL DIMENSIONS IN INCHES 


obsolute moximum rotings ot 25® C free-oir temperoture (unless otherwise noted ) 



2N404 

2N404A 

Collector-Base Voltage 

25v 

40v 

Collector-Emitter Voltoge (see note 1) 

24v 

35v 

Emitter-Sose Voltoge 

12 V 

25v 

Collector Current 

lOOmo 

iSOmo 

Emitter Current 

lOOma 

iSOmo 

Totol Device Oissipotion (see note 21 

iSOmw 

iSOmw 

Operoting Collector Junction Temperature 

85^ C 

lOO^C 

Storoge Temperature Range 

-65®Cto 

-65<>Cto 

NOTES: L ^unch through vottoqe 

+ lOO^C 

+ I00®C 


2. Hi 2N404 tftrotc lineorfiy fo 83®C frec-air temperoture ot the rote of 2.5 mw/®C 
for2M404A Oerote lineorliy to iOO®C free -oir temperoture ot the rote of 2.0mw/®C 
** indicfltts j€0EC registered eJoto. 

The moeimum po^tr dissipotioif ot 25®C cose temperoture is SOOrriv.. 

A TRANSISTOR'S SPECIFICATION SHEET 
Figure 12. 
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A TYPICAL SPECinCATION SHEET 

Figure 13 
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(2) The frequency cutoff (f^fb) 21 transistor is that 
frequency at which the common-base current gain 
drops to 0.707 of the 1000 Hz value. It gives a 
rough indication of the useful frequency range of 
the device . 

(3) The collector breakdown voltage BVcbq 

reverse bias voltage between the collector and base 
with the emitter open at which there is a sharp 
increase in current flow between the collector and 
base. This point is known as the avalanche 
breakdown, in which minority electrons, passing thi 
PN junction, gain sufficient energy to knock off 
valence electrons bound to the crystal lattice and 
raise them to the conduction band. BV^qo i® 
usually specified at some value of reverse leakage 
current. The 2N404 will avalanche between the 
collector and base at approximately 25 volts with 
20 yamps of leakage current. 

(4) Emitter breakdown voltage BV^bo is the maximum 
voltage which can be safely applied between eraitte 
and base when these elements are reverse biased 
with the collector open. This value is given in 
specification sheets in order to indicate how larc 
a reverse bias voltage may be applied to the inpui 
of a common-emitter amplifier before the input 
circuit will break down. 

(5) Many manufacturers will list a collector saturati« 
voltage VcE(sat). This voltage is essentially th 
minimum voltage necessary, at a particular 
collector current, to sustain normal transistor 
action,, and it occurs when the emitter-base volta 
equals the emitter-collector voltage. At lower 
collector voltages, the base-collector junction 
becomes forward biased and the current-voltage 
relationship changes abruptly. The current will 
increase at a rapid rate limited only by any 
external resistance in the collector circuit. 

(6) The collector cutoff current is the current from 

collector to base when no emitter current is heir 
applied. This is IcBO* varies with temper a tv 

changes and must be taken into account whenever s 
semiconductor is designed into equipment which is 
used over a wide range of anibient temperatures. 

(7) Base to emitter voltage Vbe is the voltage that i 
recommended by the manufacturer for normal 
transistor action. Notice for the 2N404 Vbe is 
listed for typical and maximum conditions. For 
normal operation, the static value of Vbe shoul<a 
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be approximately -.26V. The maximum value of Vgg 
is that forward bias voltage yftiich would saturate 
the transistor. Applying more than -.35 volts 
forward bias to the 2N404 would lead to distortion 
in the output. 

B. In suramarYf there are many characteristics of a transistor made 
available to us by the manufacturer. We have discussed only a 
few of the characteristics but, as stated earlier, in future 
lessons you will become familiar with several more important 
transistor characteristics . 

1 . Probably the two most important characteristics we have 

discussed were the maximum reverse bias between collector 
and base {BVqbo) » power dissipation rating. 

2. The power dissipation rating of the 2N404 (150 mW) was 
actually another way of expressing the safe amount of heat 
which the collector-base junction can withstand. 

3 . In other words, the transistor must dissipate power in the 
form of heat across the junction. If the power is too 
great, there will be more than 85*0 of heat generated at 
the junction, which would destroy the device. It was found 
that we must derate (reduce the output ^wer) the 
transistor for each degree of increase in ambient 
temperature as the collector-base junction must dissipate 
the heat it receives to the eimbient air . 

4. To assist transistors in achieving higher collector- 
dissipation ratings, heat sinks, in which the transistors 
are mounted, have been developed. These heat sinks, or 
heat dissipaters, help conduct heat away from the 
junction, thus lowering the junction temperature (T 3 ). 


Ill 
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NOTETAKING SHEET 2.6. IN 
JUNCTION TRANSISTORS 

REFERENCES; 

1. Electronic Circuits , NAVSHIPS 0967-00-0120, pp. 5-10 to 5-20. 

2. Essentials of Radio-Electronics , Slurzburg and Osterheld, 
McGraw-Hill Co. 

3. Transistor and Integrated Electronics , Kiver, McGraw-Hill Co., 
1972, Fourth Edition. 

NOTETAKING OUTLINE; 

I. Transistor action 


R|-ion R2-ioon 

H \^y/\/\ p /\/\/\/ H 



EMITTER 

BASE 

COLLECTOR 


ELECTRON 

ELECTRON 

FLOW 

ELECTRON 

FLOW 

— ► 

FLOW ^ 

j 


h 





ELECTRON 

FLOW 




H'' 




ic 


2.6 Figure 1 - NPN Transistor 
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A. Analysis of the NPN Transistor 


114 



tlECTRON FLOW 


B. Analysis of the PNP Transistor 


P N P 



2.6 Figure 2 - PNP Transistor 
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Mechanisms of transistor action 


Transistor symbology and notations 
A. Schematic symbols 



'll ^I'h 



A. PNP Transistor 



B. NPN Tra 
2.6 Figu 
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B. Operating potentials 


1. NPN type 


2. PMP type 


3. Supply voltages 


4. Terninal voltages 
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5. Terminal currents 


III. Circuit configurations and operation 
k. Three basic configurations 


1X9 



Common-base amplifier 



2.7 Figure 4 


Common- Base Amplifier (PNP) 



C. Common-emitter amplifier 
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D. Common-Collector amplifier 


2.6 Figure 6 




- Common-Collector Amplifier (PNP) 
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IV. Specifications 



A. Maximum reverse-bias voltage 


B. Junction temperature 
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C. Decreased current gain at high levels of transistor 
current. 


D. Moise 
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E. Frequency response 



ALPHA CUTOFF (fa) 

/ 

f2^ 


FREQUENCY > 


2.6 Figure 7 - Transistor Frequency Response Curve 
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DATA SHEET 2. 7. ID 


JUNCTION TRANSISTOR LABORATORY 


INTRODUCTION 

The purpose of this data sheet is for you to measure, record, and 
compare the d-c gains and resistances of the three basic transistor 
configurations . 

1. Common-base amplifier 

a. Complete the following schematic of the common-base ampli- 
fier and label components? i.e., V^Cf Vgg, Rg, Rl» etc. 


b. Static measurements and calculations: 

(1) Ie = (5) Ic = 

(2) Veb = (6) Ri = 

(3) Ib = (7) Ai(a) = 

(4) VcB = 

c . Dynamic measurements 

Sout = 

( 2 ) e^n = 

(3) Av = 

d. Questions; 

( 1 ) Write the formula for Vgs for the above schematic . 

^EB “ ^ 

(2) What would increasing the size of R^ (Rl) do to the Ay? 
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(d) Are the bias voltages correct for normal transistor 
operation? 


Instructor ’ s initials 


Common-collector amplifier 

a. Complete the following schematic of the coramon-collecti 
amplifier and label components. 


Static measurements 

and calculations; 

(1) 

Vb = 

(6) 

Vbe = 

(2) 

^C = 

(7) 

lE = , 

(3) 

Ve = 

(8) 

% = . 

(4) 

Ir * 

(9) 

Ai(y) 

(5) 

Vrc = . 




amic measurements ; 



d. Questions 

(1) What would happen to Ay if Rg increased in size? 


(2) Are the bias voltages correct for normal transistor 
operation? 


(3) What is the voltage gain characteristic of the common- 
collector amplifier? 

Instructor's initials 

3. Common-emitter amplifier 

a. Complete the following schematic of the common-emitter 
amplifier and label components. 
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b. Static 


measurements and calculations; 


* 

ic = 

= 

Aj (0) = 


c. Dynamic measurements; 

^ ^ ) ®out ~ 

®in 

(3) Av = 

<3. Questions 

(1) What would happen to forward bias if were increa 

(2) Are the bias voltages correct for normal teraperatur 
operation? 


(1) Vj; = 

(2) Vg = _ 

(3) Vc = 

(4) Ib = _ 

( 5 ) Vgg = 


( 6 ) 

(7) 

( 8 ) 

(9) 


Instructor's initials 
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INFORMATION SHEET 2.8.11 


BIASING ARRANGEMENTS 


INTRODUCTION 

Biasing a transistor means setting the d-c voltages and currents of 
the transistor to certain chosen values to establish an operating 
ooint for the a-c signal. A bias circuit employs resistors and d-c 
power supplies to set the various voltages and currents at the pre- 
letermined values. These d-c voltages and currents must be such 
that none of the transistor's ratings are exceeded; that is, they 
nust be within the permissible operating point region. 


references 

Electronic Circuit Analysis , NAVAIR 00-80-T-79, Chapter 8. 

2. Milton S. River, Transistor and Integrated Electronics . 

New York, N. Y., McGraw-Hill Book Company, 1972, Fourth 
Edition. 


INFORMATION 


A. Introduction 


1 . 


2 . 


When the a-c signal is applied to the transistor, the 
transistor's voltages and currents vary about the operating 
point. Only a portion of the permissible operating point 
region is such that the amplification is linear; this 
portion of the permissible operating point region is called 
the linear operating region. The entire signal swing must 
be within the linear operating region for the input to be 
amplified without appreciable distortion. 


rhere are two major reasons for the difficulty in sustain- 
ing a desired operating point. First, as was noted in 
"Introduction to Semiconductors," the characteristics of 
semiconductor materials are temperature dependent. Second, 
the characteristics of different transistors of the same 
type will vary from unit to unit. Consequently, when 
various transistors are placed in the 

operation will vary somewhat ^less stabilizing measures 


are taken. 
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Temperature variation — The transistor characteristics spec 
by a manufacturer are usually valid only for a given ambien 
temperature (usually 25 “C)* The actual junction temperatur 
a transistor depends upon both the power dissipated in the 
transistor and the means for removing heat from the transis 
Changes in temperature affect three transistor quantities; 

*iCBO' ^EB* 2 ^CBO temperature 

increases. The Vgg which is necessary to produce a given 
emitter current decreases as the temperature increases, of 
these, the most serious variation is experienced by Iqbq. 

1. Reverse-Bias Collector Current (Icbo^* ^CBO (sometimes 
referred to as Ico^ normally measured at a Tj^ (arabie 
temperature) of 25 “C (see figure 1). Note that Icbo is 
minority current, and flows in the same direction as 
collector current if the transistor was properly biased 
This current IcBo/^^CO type current (minorit 

that flows in any PN junction under a reversed biased 
condition (see figure 2). The current flow in the reve 
biased condition is almost constant and independent of 
voltage prior to the breakdown point . 



Figure 1 


a. Variations of IcBo/^CO with temperature of the 

collector-base junction is shown in figure 3. The 
current value varies from almost zero at 10 "C to 
well over 1 railliampere at 125"C. Note that at 
temperatures below 10 ®C, Icqq causes no problem. 
Ico doubles for every 10 *C rise in germanium, and 
every 6*C rise in silicon. 


; when collector-base junction is 
the emitter is open circuited. 




b. In a PNP transistor, IcBO consist of electrons 
(minority carriers) flowing from the collector 
(figure 1) toward the base. If the resistivity of 
the base, or if external resistors connected to the 
base are high in value, electrons from the collector 
can accumulate in the base region. Such an accumu- 
lation of electrons will cause an increase of emitter 
hole into the base, increasing collector current. 
Increased collector current would raise the temperature 
of the collector-base junction, and cause an increase 
in Icq (figure 3). The cycle would continue until 
severe distortion occurs, the transistor becomes in- 
operative, or it destroys itself. THIS CONDITION CAN 
BE MINIMIZED BY AVOIDING THE USE OF HIGH-VALUED RE- 
SISTORS IN THE BASE LEAD. 

2. Beta - 6 is the current gain of the common-emitter tran- 
sistor configuration. It is the ratio of a change in 
collector current (AI^) caused by a change in base current 
(Alg). IcBO flows through the base lead in opposite 
direction to Ig (figure 4), increases IcBO' causes 1 q to 
increase, and Ig to decrease. Therefore, for a set value 
of Ig 6 would increase and shift the operating point. 


E B C 



3* Vgg - Figure 5 indicates the variation of collector current 
with temperature. Each curve is plotted with a fixed 
collector-base voltage (VQg) and a fixed emitter-base volt- 
age (Vgg). If the collector current variation with 
temperature were caused only by iQgQ (figure 3), then the 
collector current variation at temperature below 10 "C 
(VgB ~ 200 mV and Vgg = 300 mV) should not occur. However, 
collector current does vary with temperature, even when Iqq 
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is near zero. This variation is caused by the decrease 
in emitter base junction resistance when the tempera- 
ture is increased. That is, the emitter-base junction 
resistance has a NEGATIVE TEMPERATURE-COEFFICIENT of 
resistance . 



TEMPERATURE ®C 


Variation of Collector Current with 
Transistor Temperature 


Figure 5 

One method of reducing the effect of the NEGATIVE 
TEMPERATURE COEFFICIENT of resistance is to Place a 
large value resistor in the emitter lead. Essentially, 
this causes the variation of emitter-base junction 
resistance to be a small percentage of the total re 
slst^ncrin the emitter circuit. The external resistor 
swamps (overcomes) the junction resistance; the re 
sistor is referred to as a swamping resistor. 

A second method of reducing the effect of the negative 
temperature coefficient of resistance ^ ^ 

emitter-base forward bias as the temperature ^"^reases. 
For instance, to maintain the collector current a 
(figure 5) while the transistor temperature 
10®C (at X) to 30“C (at Y), the forward bias must be 
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reduced from 200 mV (at A) to 150 mV (at B) . The 
temperature difference is 20"C; the voltage difference 
is 50 mV. The variation in forward bias per degree 
centigrade is calculated as follows: 

Difference in forward bias = 50 raV _ 2.5 mV/*C 
Difference in temperature 20 *C 


This calculation indicates that collector current will 
not vary with emitter-base junction resistance if the 
forward bias is reduced 2.5 mV/^C for increasing 
temperature, or increased 2.5 mV/*C for decreasing 
temperature . 

C. Common-Emitter Amplifier 


1 . 


The common-emitter amplifier is the most commonly used 
amplifier because it has the following characteristics: 


3. ft 

b. 

c. 

d. 


Current gain; 0 = ° 

1-a 


Voltage gain =62 


Highest power gain 


Easier to cascade because ^ is more closely matched. 

Ri 


However, it must be stabilized because of unit to unit 
variations, and temperature instability. 


(1) There are several biasing arrangements used on the 
common-emitter amplifier to compensate for its in- 
stability. Constant base current biasing is shown in 
figure 6 and will be used to analyze basic biasing. 


Ib = ^CC - VbE = 5_^ = 5.8 yA 
RB IM 


(Eq 1.1 


VgE - .2V for germanium; since Rg >> the d-c input 
resistance, Ig will be limited primarily by Rg. 


IC = BIb = 100 X 5.8 uA (Eq 1.: 


VCE “ ^CC “ VrL “ ^CC ” lc% (Eq 1.' 

= 6 volts - ( .58 mA) (2.76 kfl) 

= 6 - 1.6 = 4.4 volts 
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-V„-6ydc 


B=hc =100 


Re-IMil. 2*76 KXL 


lOur 



VCB ^ 

I ^ ZN404 

Vbe ^ 


lOuF 

il 

'c. 


cc. 


''CE 

± 


Constant-base-current bias comnon- 
emitter amplifier 

Figure 6 

Therefore, the collector voltage = Vgg is 4.4 volts. 
The output waveform will vary around this point (4.4 
volts)- as shown in figure 7. 


- ISOmv 


- 2.9 


®ln=eg 



-2IOmv 

Input Waveform 


. _ ZOOmvVBE e^ut 




— ,VcsycE-.4.4V 
-5.9 


Output Woveform 


. , •out ^ ^ ,50 

^ • In 


Eq (1.5) 


Output waveform versus input waveform 

Figure 7 
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^CB (reverse bias) = ^c~^B ~ ~4.4V - (-.2V) 


Eq 1.4) 


= 4.2V 

Assume a voltage gain of 150 and e^j^ of 20 mV peak- 
to-peak, the output would be symmetrical. 

(2) However, the picture is incomplete because the d-c 
parameter lego included. IcBO ^ minority 

current that flows collector to base with the 
emitter open. However, transistor action cannot 
occur with the emitter open. If, on the other hand, 
^CBO flowed only in the collector-base circuit, it 
would cause no serious problem. But, if a circuit 
is constructed that has a high resistance in the 
base lead, it will appear open to this minority 
current. This will cause a current to flow called 
ICEO* (figure 8). These minority carriers enter thf 
base 
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*CE0 *•* P**** Tran*i*tor 


Figure 8 

circuit and become majority carriers. To the comnor 
emitter, this is the same as an increase in forward 
bias current. The emitter injects g + 1 holes into 
the base to offset the negative charge in the base. 
3 holes will diffuse through the base and 1 is the 
amount that will recombine with Ico* 

Mathematically : 

^CEO ” ^CBO (B+1) = Ico(B+l) (Eq 1.6) 

The collector current (Iq) is: 

Ic = 3 Ib (Eq 1.2) + Iceq (Eg 1.6) 

= 3 Ib + IcEO 
- 31b Ico(B'^l) 


*lCE0 - Minority current that flows collector to emitter with the 
- base open. 
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Returning to figure 6, for the transistor is 

assumed to be 5 pA. Therefore: 

Ic = 3 Ib + 

= (100) (5.8 wA) + 5 mA (101) 

= (1.085 mA) 

V(|^ — ^QQ ~ ® ~ (1.085 mA) {2m7S kft) (Eg 1.8) 

= 6 - 2.99 « 3 volts 

The actual operating point would be Vce= 3 volts and 
again the output signal would be symmetrical if the 
input remained 20 mV p-p and A^ 150. However, if the 
temperature increases and cause I^q to increase, Iq will 
increase. This would create more heat and more Ico* 

This process is called thermal runaway and could damage 
the transistor if Rl is very small. In our example, if 
the temperature increased and caused Iqq to increase to 
15 yA, a small current compared to Iq, the new operating 
point will be; 


VCE = Vcc - Ic^L (Eg 1.9) 

= Vcc - {100 X 5.8yA + ( 15 yA) ( 101 ) } ( 2 . 76 kfi) 

= 6 - 5.78 
= -.22V (saturation) 

If the input signal and A^ remained the same, then; 



- 1.72V 

(a) Input Wavuform (b) Output Waveform 


Figure 9 

serious distortion would result, the collector base 
junction is forward biased, a saturated condition. The 
operating point has shifted from approximately 3 volts 
to .22 volts. 
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2. Stability factor 


a. A measure of the sensitivity of the operating point to 
temperature changes is given by the stability factor 
(S) vhere S is defined as: 

S = (Eq 1.10) 

^ICBO 

It indicates the change in collector current (Iq) per 
change in Icbo* optimium value of S is 1. If S 

equals 1, then Iq will change only by the change in 
ICBO* This is 2 U 1 idealized objective and is not 
realizable with ordinary measures. The value of S 
is always greater than 1 for the common-emitter aunpli- 
fier. However# it should be remembered that the closer ; 
the value of S is to 1, the better. 

Apply equation 1.10 to figure 6. 

S = = A^CEQ = l,010yA = 101 = P+1 

^iCBO lOjiA 

The stability factor of the unstabilized common emitter ; 
amplifier (figure 6) approximately equals the d-c 
current gain. We will see in the following circuits 
how this value is improved by various stabilizing 
schemes . 

b. Figure 10 is a bias scheme used to improve the stability 
of the circuit. The addition of an emitter resistor 
(swamping resistor) increases the stability of the 
circuits by: 

(1) Compensating for the negative coefficient of resis- : 
tance of the emitter base junction. 

(2) Unit to unit variations, since this variation is the; 
same as temperature variations. 

(3) Providing a constant current source. 

The resistor Rg adds the disadvantage of decreased gain 
since it develops a voltage that is degenerative to the’ 
input signal. If greater gain is required it can be by- 
passed with a capacitor. Rg is reduced to 50 kO. Thisj 
bias scheme is called constant emitter current biasingi i; 
smce it attempts to maintain Ig constant. An increase i 
in Ig would cause a more negative voltage to be devel- | 
oped at point (A) in figure 10, which would decrease thef 
forward bias and reduce transistor current. Converselyil 
any decrease in Ig would increase forward bias and | 

increase transistor current. The net result is a I 

relatively constant current (d-c current) within the 
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Constant Emitter Current Biased Common Emitter Amplifier 


Figure 10 


limits of the circuit. Under dynamic conditions, the 
emitter is at a-c ground due to the bypassing action of 
Cg. It should be remembered that bias stability deals 
with d-c conditions and Cg simply keeps the emitter at 
a-c ground. Through the use of calculus it can be 
proven that the stability factor for the circuit in 
figure 10 is 


S 


^ic _ (Rb+^e) ( e+1) 

AIcbo Rb+(1+6)Re 

= (50x103 + .5 x103)(101) 

50x10^ + (.5x103)(101) 


(Eq 1.11) 


= 5100.5 X 103 
100.5 X 10 3 


* 50.75 


14 5 



c. The stability factor of 50.75 is a considerable improve- 
ment over constant-base-current biasing. Equation 1.11 
shows that as resistance in the base lead approaches 
zero, the stability factor approaches ideal. Further, 
if Rg approaches zero the stability factor approaches 
B+1 . Therefore, for good stability Rg should be as 
small as possible and Rg as large as possible. One 
cannot make Rg larger and Rg smaller indefinitely; how- 
ever, even though Rg can be a— c bypassed by a capacitor, 
the power supply voltage must be made larger as Rg is 
increased. For Rg, a lower limit set by the shunting 
effect on the a-c signal if the stage is capacitive or 
direct coupled; if it is transformer coupled, the lower 
limit on Rg is set only by the magnitude of the bias 
voltage . 

d. The stability, it is noted, is affected by Rg, Rg, and 
Beta of the transistor. Note also, that the stability 
does not depend on Rg. The stability factor used in any 
circuit will depend on whether the variation is per- 
missible, in terms of signal swing, permissible power 
dissipation, or the conditions for thermal runaway. If 
not, then Rg must be raised or Rg lowered until a 
suitable condition is found. 

e. The most frequently used biasing circuit is shown in 
figure 11 where an additional resistor is added in the 
base circuit. 



Beta = I 


S 


Re 


Rb = 


(RB j) (RB2, 

Rb,+Rb2 


Constant Base Voltage 
Figure 11 
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Equation 1.11 applies to this circuit. normally >> 

^^ 82 * in effect ^82 determines the stability. An advan- 
tage as compared to figure 10 is the use of one power 
supply. If a single power supply was used in figure 10, 
Rq would be large to establish the proper forward bias. 
This would decrease the stability of the circuit. 

f. In figures 10 and 11, the swamping resistor develops 
degenerative d-c current feedback. If a-c stability is 
also desired, the removal of the emitter bypass capaci- 
tor (Ce) will provide a-c current feedback. 

g. Another general method for stabilizing the operating 
point consists of using direct voltage feedback with 
direct current feedback (figure 12 ). 




Constant-Collector-Voltage Biased 
Common-Emitter Amplifier 


Figure 12 


Voltage feedback is defined as that situation when the 
amount of signal fed back to the input _ (from the output) 
depends upon a voltage in the output circuit. 


Whenever a voltage change occurs because of an I^o 
/ariation, Vc will change and adjust the base voltage 
(Vdr) to correct for the change that caused it. Rg 
also develops d-c current feedback. The circuit pro- 
vides a-c degeneration as well as d-c degeneration, 
rhe stability factor for figure 12 is: 
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s 


(Eq 1 . 12 ; 


= = ( 1 + g ) I ( %+%+% ) +Rb^L4-^B^F 

AIcBO Rb+Rf'*' ( 1+ 0 H ^ ^ 

If greater gain is required, the circuit can he raodifiS' 
as in figure 13. The capacitor C 3 bypasses the a-c de- 
generation without altering the d-c circuit. RpB > ^FA 
because RpBll^L reduces the a-c load resistance. 



Constant-Collector-Biased Coirunon-Emitter Amplifier 

Figure 13 

i These, are the stabilizing schemes and equations usee 
on the common emitter. The choice between voltage ar 
current-feedback is largely determined by the size oi 
the d-c load resistance. If the d-c Rl is large, as 
usually the case for RC-coupled amplifiers, the voIt< 
feedback (emitter at a-c and d-c ground) is as effeci 
as “tVi© current type* For transformer couplingj^ wher< 
the d-c Rl is low, current feedback is much more 
effective than the other . 

i . Although we have concentrated on the IcbO variation 
the analysis, it should be remembered that '^Fg and V 
may also need attention. Many of the same technicqu 
can be applied to the analysis of these two factors . 
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k. Two general procedures are available for incorporating 
the S in any design situation: 

(1) Determine the appropriate S value and then use the 
various d-c equations to fix the circuit component 
values which will give the S. 

(2) Decide upon the component values by the usual a-c 
considerations and then check the resulting S. 

D. Additional Stabilizing Techniques 

1. When using temperature-sensitive elements for stability, the 
idea is to cause the circuit conditions to change with 
temperature so that the changes effected by the transistor 
are compensated. 

2- Figure 14 is an example using a diode (D]^) that has similar 
characteristics as the emitter-base junction of Q]^ (negative 
temperature coefficient). Any temperature variation would 
affect the base voltage and correct Ig to compensate for the 
change. Note also that current feedback is still used. 




Temperature-Compensated Common- Emitter Amplifier 

Figure 14 


3. As was seen, a basic common-emitter amplifier may become 
somewhat complicated, as the stability is improved with 
added components . 
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Coinraon— Base amplifier 


1. The common-base amplifier has the following characteristic 


a. Capable of the highest voltage gain of the three basic 
configurations ; 


b. 


Av « a (^2) 

Ri 

A current gain called Alpha 
always less than one. 


Ale 

AIe 


c. Very low input resistance; high output resistance. 

d. Used mainly where the matching of a low to a high 
resistance is required. 

e. Ideal stability factor in the basic circuit 
configuration . 

2. Figure 15 will be used to illustrate the common-base 

amplifier, its current flow and direction of current flov 



Assume : 


E 

B 

C 

1 P 

N 

P 

holes 





1 co-^ P 


k. 

electrons | 


B s 113 
s Sma 
ICBO - 25}ia 




Current Flow in a PNP Transistor 
Figure 15 



Example 1: 


a = 8 = .99; Ic = 

1+B 

= (.99)(5raA) 

= 4.95 rtiA 

Ifi = Ie - ic 

= 5 ina - 4.95mA 
= 50 uA 

The 4.95 itiA collector current did not include the effect of 

ico* 

Actually, Ic = alE + Ico 

= (.99) (5, 000 yA) + 25 yA = 4,975 uA 


Therefore; 


Ib = Ie (1 - «) - Ico 

= 5,000 yA (1 - .99) - 25 yA 
= 50 yA - 25 yA 
= 25 yA 

It shiould be clear that if Ico decreases Ib hy its increase; 
Ie will remain constant and Ic will change only by Ico* 

This would be an ideal stbility factor. 

a. A transistor using constant emitter current biasing is 
shown in figure 16. 


Veb = Vee ” Ie^E = 6 “ {imA x 5.8k} = + .2V (Eq 1.13) 
Vc = Vcc - IcRl = Vcc - («Ie + IcoXRl) (Eq 1.14) 

= -6 - {(.99)(1000yA) + 5yA}{3.1k} 

" -3 volts 


VcB = Vc - Vb 
= (-3)-(0) 
= -3 volts 


(Eq 1.15) 
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A»$um«» Ig s I mA 
a s .99 



Constant Emitter Current Biased Common Base Amplifier 

Figure 16 

With the bias voltages computed, the amplifier is properlj 
biased. Assuming a voltage gain of 60 and input signal oi 
.1 volts p-p, the output signal is given in figure 17. T1 
operating point is 3 volts (V 03 ) and the maximum output 
without distortion is used. 


+.25V 

Eins.lVPKPK /\ 

+.I5V 

Input Waveform 


OV 

VgBs.zv 6VPRPR , ^ 

•out 

-6V 

Output Wovoform 




Output Waveform Versus Input Waveform 
Showing Phase Relationship 


Figure 17 



b. The stability of this circuit can be found with equation 

1 . 11 . 


S = = (Rb+Re) ( g-H) . = 0: 

^ICBO Rb (3+1) Re 

S = ( gtl ) =s 1 ; ideal stability 

Re(s+i ) 

Any change in Iqo will change by the same amount. 

Any current that becomes Iceo simply aids the circuit in 
its stability. A disadvantage of this circuit is that 
it requires two power supplies. One power supply could 
be used with a voltage divider network; however, one 
must remember any resistance added in the base increases 
the stability factor. 

Common-Collector Amplifier 

1 . The common-collector simplifier has the following 
characteristics : 

a. The highest current gain; y = 3 + 1 

b. Voltage gain less than one; a * y 

^ Ri 

c. High input resistance; low output resistance. 

d. Used mostly for impedance matching. 

e. Good a-c and d-c stability due to its degenerative 
feedback. 


A basic common-collector amplifier is shown in figure 18. 
The bias voltages are as follows: 

Vbe = Vbb - IbRb - 

= -4 - {(27x10-6)(30x103)} - { (101) ( 27x10-6) (1 . Ixl03 ) } 
- -.19 volt 


VcE “ “Ie^E 

= -6 -{(101)(27x10“6)(1.1x103)} 


(Eq 1.17) 


• -3 volts 



Vbc = - {Vbb”Erb} 

= -6 -{4-(-.8)} 

= -6-(-3.2) 


(Eq 1.] 


= -2.8 volts 


Assum«: Ib=27u/I 

Gamma * I' 



Basic ConiEion-Col lector Amplifier 
Figure 18 


would^be^as to the amplifier, the outp 

woui-a De as shown in figure 19. 

Rb to Rt . ^^Eauatinn^^ approximtely equal to the ratio 

stability could V collector amplifier's d-o 

input resistance wa 3”®ted to a very low value if its 

would be determined bJ^the“je‘’o£ ■choice of stability 

X tne use of the circuit. 


15’4 




(a) INPUT WAVEFORM (b) OUTPUT WAVEFORM 


Output Waveform Versus Input Waveform 
Common-Collector Amplifier 

Figure 19 


G. D-c amplifier - Sometimes direct-coupled amplifiers are used to 
stabilize Ic variations. An example is given in figure 20. A 
d-c amplifier amplifies d-c voltage and very low frequency a-c 
signals. This circuit is arranged so that an increase in 
collector current caused by a temperature rise in transistor Qi 
will reduce the forward bias in transistor Q2 . The voltage 
drop across resistor R 2 opposes the forward bias on Q 2 • By 
selecting the values of resistors R 2 and R 3 so that the voltage 
drop across R 2 is the larger, the change in Iq of will limit 
the tendency of transistor Q 2 collector current to increase with 
temperature . 



Two— stage Temperature— Stabilized d— c Amplifier 

Figure 20 
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H. Summary 


1. These are but a few of the many schemes used to stabilize 
transistor amplifiers. The method used will be primarily 
determined by the requirements of the circuit and the 
environment it will operate in. 

2. Items that should be remembered concerning biasing arrang 
ments are: 

a. Reverse-bias collector current Icbo» also called I^q, 
increases rapidly at high temperatures and causes 
increased collector current. 

b. Emitter-base junction resistance decreases with in- 
creasing temperature and causes increased emitter 
current . 

c. The stability factor (S) is defined as the ratio of e 

change in collector current to a change in 

minority current and is expressed as: 

S = ^IC 

aicbo 

d. An emitter swamping resistor minimizes variations in 
emitter current caused by variations in emitter-base 
junction resistance. 

e. Zero base resistance limits the accuraulaton of major; 
carriers (Icq) in the base region and therefore limii 
the. increase in emitter current due to this cause. 

f. The basic common— base amplifier (figure 16) exhibits 
best temperature stability because it uses an emitte; 
swamping resistor and zero base resistance. 

g. The basic common-emitter amplifier (figure 6) exhibi^ 
poor temperature stability because it uses a base 
resistor and zero emitter resistance. 

h. The temperature stability of the basic common-collec 
amplifier (figure 18) depends upon the ratio of base 
reslstiance to emitter resistance. 

i» D-c negative voltage and current feedback (figure 12 
can be used to minimize variations in collector curr^ 
with temperature. 

j* A forward-biased junction diode has a negative 
emperature coefficient of resistance. 

k. A reverse— biased junction diode has a negative 

resistance provided the 

erse bias voltge does not equal or exceed ®VcBO* 
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NOTETAKIMG SHEET 2. 8. IN 


BIASING ARRANGEMENTS 


REFERENCES: 

1 . Electronic Circuit Analysis # Vol. I, NAVAIR 00-80-T-79, 
Chapter 8, 

2. Milton S. River, Transistor and Integrated Electronics . New 
York, N.Y., McGraw-Hill Book Company, 1972, Fourth Edition. 


NOTETAKING OUTLINE: 

I. General Information - Biasing 


II. Operational Analysis of the Common- Emitter Amplifier 
A. Biasing 
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Vcc a 6V0C 



BETAS 100 


Figure 1 
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VbE - .2v 


I90mv 



2iOinv 


(o) Input Wavtferm 


-2.9v 

.''CE a -4.4v 

-5.9v 

(b) Output Woveform 



Figure 2 


B. Temperature variations 


C. Reversed bias collector Correct (IcBO^ 
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Figure 3 


D, Beta 
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Figure 4 


III. stabilization of Common-Emitter Amplifier 
A. Stability 
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B. Constant-emitter-current biased common-emitter amplifier 



Rg = 

500A 


Figure 5 
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C. Constant-base-voltage biased common-emittr amplifiei 



^CC 

t 



Figure 6 
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IV. Operational Analysis of the Common-Base Amplifier 


A. Biasing 



V££ « 6 voH« 


^cc * “6 


assume: «£ * • 

ALPHAS .99 
I CO • 5uA 


22%'^ 


V£B..tv 


A'”Zi 
^ w. i 

.175v 

(«) trUT HAVEFOKM 


-1 . 5v 

T 

Sv 
.1. 

-4 . 5v 

(k) OUTPUT MAVEFOItll 





Figure 8 
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B. Stability 


V. Operational Analysis of the Common-Collector Amplifier 
A. Biasing 



R£ * 
t.lKA 


VCB = 
-2g9* 




VCEs 

-3V 


;a) INPUTWAVEFORM (b) OUTPUT WAVEFORM 

Figure 9 
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B. Stability 
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DATA SHEET 2. 9. ID 


BIASING ARRANGEMENTS 
LABORATORY 

INTRODUCTION 

The purpose of the data sheet is for you to record the effects of 
temperature on a transistor's operating point. You will apply heat 
to a transistor, and you will measure and record the resulting 
effects on current with and without compensating circuit components. 

1 . Temperature effects 

a. Establishing operating conditions: 

(1) Ic = 

(2) VgE = 

(3) VCE = 

(4) Output wveform 


(5) 

(6) Ic “ _ 

( 7 ) = 

b. Effects of 

( 1 ) VgE “ 
(la) AVbe 

(2) Ic * 

(2a) Ale “ 

( 3 ) Output 


(4) 

(5) VeE 

( 6 ) AVce 



-Vp-p 


increased temperature: 


waveform 
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uuestions 


(1) How is 1 q affected by temperature changes? Why? 

(2) How is Vgg affected by temperature changes? Why? 

(3) Does temperature affect fidelity? Explain. 

(4) What would be the result of a transistor’s being expose 
to extreme heat for a prolonged period of time? 

Instructor’s initials 

2 . Reducing temperature instability with the addition of an eraitt 
resistor. 

a. Ry equals 10 kQ 

(1) Ic = 

(2) 1 q after heating = 

(3) Ale “ 

b. Ry equals 100 kfl 

(1) Ic “ 

(2) Iq after heating = 

(3) Ale = 

C. =S 

d* » . 

e . , , ™ ■ 
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f. Effect of emitter bypass capacitor 


( 1 ) Eout ~ 

(2) = 

( 3 ) A'^ — _________________ 

g. Questions 

(1) Does the introduction of an emitter resistor improve 
transistor temperature stability? Why? 

(2) Does the size of the emitter resistor affect transistor 
temperature stability? Explain. 

(3) What is a disadvantage of using an emitter resistor? 

(4) How can the above disadvantage be compensated for? 

(5) Does the emitter bypass capacitor stabilize Ico^ Why? 

Instructor's initials 

. Effects of Rb and Rg on temperature stability and A^. 

a. Ic = 

b. 1(2 after heat = 

c. Ic “ 

^ * ^'OUt “ 
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NOTE: Iq with changed components. 


g. Iq with changed components = 

h. Ic after heat = 

i* Ic = 

j • Eout “ 

k. Efn =» 

l. Ay = 

m. Questions 

(1) In terms of stability, what conclusion regarding the 
ratio of R 3 to Rg can be drawn from this part of the 
experiment? Explain? 


(2) Why is it desirable to have Ico flow through the 

col lector -base junction rather than both the collect:: 
base and the emitter-base junction: Explain. 


Instructor's initials 


4. Constant collector-voltage feedback to improve stability, 
a. Operation at ambient temperature: 


( 1 ) 


( 2 ) 

®out ® - _ 

(3) 

®in * 

(4) 

* 

(5) 

Ic with heat applied = 

( 6 ) 

AIq = 


174 



(7) 1(2 with R2 removed = 

(8) Eout - 


(9) Ein » 

(10) Av = 

(11) 1(2 with heat applied = 

(12) Ale “ 


b. Comparing constant-base voltage bias to constant-collector 
voltage bias, explain any difference in their effects on 
gain and stability. 



Instructor's initials 
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NOTETAKING SHEET 2. 10. IN 
DECIBELS 


REFERENCES: 

1. Cooke and Adams, Basic Mathematics for Electronics . New York: 
McGraw-Hill Book Company, Ind., Third Edition, Chapters 34 and 
35. 

2. Basic Electronics, Volume 1. NAVPERS 10087-C. Washington, 
D.C.; United States Government Printing Office, 1979, 

Chapter 11, pages 221-231. 


NOTETAKING OUTLINE: 

I. Review of Logarithms. 
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II. Decibels 
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Ill, Waveform Analysis 
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Table 1. Common Logarithms 

COHMOtt LOGARITHMS 
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INFORMATION SHEET 2.11.11 


FEEDBACK AMPLIFIERS 


INTRODUCTION 

There are several types of feedback circuits; each is determined by 
the nature of the signal that is fed back and the manner in which it 
is applied to the input circuit. The feedback signal can be pro- 
portional to the load current or to the load voltage. To investi- 
gate the various effects on circuits, we will use the block diagreuns 
and the basic diagrams of various schematics. Further simplifica- 
tion is obtained by omitting all components that are bypassed, and 
the d-c biasing circuits. 


REFERENCES 

1 . Slurzberg and Osterheld, Essentials of Radio-Electronics , Second 
Edition, McGraw-Hill Book Company, Inc., 1961. 

2. Electronic Circuits, NAVSHIPS 0967-000-0120, March 1980. 
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information 


The following figures are labeled to assist you in following tk 
instructor through the lesson: 



Open-Loop System 
Figure 1 
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Closed-Loop System 



Av = 400 



Frequency Response 
Figure 3 


R 


f 




Voltage Feedback 
Figure 4 




•out 


^ B 



Simple Gain Problem 
Figure 5 
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Multi-Stage Shunt-Voltage-Feedback Amplifier 




Current Feedback 
Figure 8 

II. Basic Gain Formula 

A. Open-loop system implies that no feedback path exists 

between the input/output terminals. The drive to the gain- 
block (figure 1) is caused by e^n alone and not by any 
portion derived from eQuf 


The basic gain formula is ^v = Therefore, ©out “ 

®in^v ®in 

Any change in A^, causes a variation in ©out* 

B. Closed-loop system implies there is some form of feedback 
from the output back to the input. It is used to overcome 
the sensitivity of ©out variation in Ay. The principle 
of the closed-loop system is based on error detection. 0 
represents a gain (or loss) factor introduced into ©'out 
before it emerges as ef (the feedback voltage) where ©'out 
is the output signal with feedback applied. 3 is indicated 
in decimal form and nay be -or + to indicate whether it will 
be degenerative or regenerative. This will cause ef to add 
to or subtract from e^^* 1 symbol of the error 

detector. It will aid in developing e^ which is the 
algebraic sum of ej[n ®f* “ ®in ■*" ®f» where ef = 

^e'out* output will follow the input quite closely in 

the closed-loop system. The drive to the gain block is 
varied in such a manner as to hold ©'out relatively constant 
for changes in Ay(AAy). Feedback may be defined as the 
process of causing a portion of the amplifier’s output to be 
superimposed on its input. The block diagram in figure 2 
will aid in developing the feedback equation. 
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C* e'out “ A^eT: e'out the output signal with feedback 
applied 

«! = ®in + ®f 

ef = Pe'out® tiy substitution, 

~ ®in ^®'out 

therefore, e'out ~ Av(ej[n +S®'out)* Multiplying through bj 

Ay, 

®'out ~ AySin ■*“ Ay6e*Qut to collect terms, 

-AyCin = -e'out + AyBe'out or, as is commonly written, 
Av®in “ ®'out “ AyBe'out* end 
Av®in “ e'Qut(l”AyB), dividing, 

®’out = 

1 - AyB 

The closed loop gain (with feedback) is Af. 

Af = ® ‘ out or as has been resolved previously, 

®in 

Af Aye in ^ e^n which could be rewritten as 

1— Ay B 

^f = = closed-loop gain* 

1-AyB 


III. Negative Feedback Amplifiers 
A. General 

1. There are several types of feedback circuits; each i 
determined lay the nature of the signal that is fed t 
and the manner in which it is applied to the input 
circuit. Thus the feedback signal can be proport ior 
to the load current or to the load voltage. 

2 . The signal fed back can be applied in series or in 

shunt with the input circuit. It, therefore, follov 

that there are four basic types of feedback circuit! 

and they ares 
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a. The voltage output-shunt input. 

b. The voltage output-series input. 

c. The current output-shunt input. 

d. The current output-series input. 

3 . The input and output impedances of these four types of 
feedback circuits are affected differently by the 
applied feedback, but their individual gains will be 
affected similarly by the applied feedback. 

4. To investigate these effects, we will use the block 
diagram form and basic schematic diagrams. The blocks 
will contain both the signal input and output leads, 
plus the common input and output leads for clarification. 
The assumptions made are that the basic amplifier is 
unilateral? that is, there is no interaction between its 
input and output terminal pairs and the input /output 
impedance of the feedback network is sufficiently high to 
ensure that it does not load the basic amplifier. 

5. Further, simplification is obtained by omitting all com- 
ponents that are bypassed, those capacitors with 
negligible reactance at raid-frequencies, and .the d-c 
biasing circuits. The signal generator is always dis- 
played along with its internal resistance. 

B. Voltage output-shunt input 

1. Figure 9a shows the feedback block, "F", across the load 
and the input. Any change in voltage across the load is 
sampled and a portion of this sample is applied across, 
or in shunt with the input terminals. Note, in the 
following sections of figure 9, the feedback resistor is 
in series with the input resistance of the first stage. 

2. If the feedback block is in shunt with both the input/ 
output terminals of the gain-block, then the input /output 
resistance must be lower with this type of feedback. 

Also, the polarity difference between the input signal 
and feedback signal is 180". The gain— block resembles a 
constant-voltage source and is rendered insensitive to 
device parameter changes, relative to the amount of feed- 
back applied. 

3. In the schematics shown, blocking capacitors would 
isolate the d-c voltages from upsetting the bias levels. 
However, with careful design, the bias levels can be set 
so that direct coupling can be used and the gain— block is 
compensated for drift (drift caused by changes in ambient 
temperature). Also, various reactances can be placed in 
series and/or parallel with the feedback resistors to 
shape properly the gain— bandwidth contour, referred to as 
frequency compensation or equalization. 
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4. Figure 9b represents a single stage with local feedback 
applied. Figure 9c is a CE to CC configuration, with the 
output resistance extremely low. Figure 9d shows three 
stages of CE amplifiers. The load for the output stage 
is Rl* Ri and R 2 , in series, are in parallel with R^, 
and the portion of the output voltage at their junction 
is fed back through Rf, which is in series with the R^ of 
the first stage. 

5. In all the cited cases, the input driving signal has been 
effectively reduced, reducing the output signal. Both 
the input and output resistances are lowered. Bandwidth 
is increased, distortion reduced, stability increased, 
and periodic noise reduced. 

Voltage output-series input 

1 . Figure 10a is the block diagram of this feedback arrange- 
ment. The voltage across the load is sampled and a 
portion of it, called the feedback voltage, is applied in 
series with the input signal. The polarity of the feed- 
back signal is such that it will oppose the input signal, 
reducing the effective drive to the gain-block. 

2 . Figure 10b shows the extreme case of 100% voltage feed- 
back in an emitter follower or CC amplifier. Reasoning 
reveals that this could not be 100% degeneration, or else 
there would be no output. The only way to cause 100% 
degeneration would be to throw the power "on/off" switch 
to the "off position. 

3. Figure 10c shows two CE amplifiers and figure lOd has an 
added CC stage to effect a much lower output resistance. 
In all cases shown so far, the output circuits are 
shunted by the feedback circuits, lowering the output 
resistances and keeping the output signals constant, with 
variations in the gain-block. However, in figure 10, the 
feedback voltage is applied in series with the input 
signal, thus greatly reducing the input driving signal 
current. This has the effect of increasing the input 
resistance. The polarity of the feedback signal is in 
phase with the input signal and opposes its action. 
Therefore, the input resistance is increased while the 
output resistance is lowered. With this application of 
feedback, the gain, distortion, noise, and stability are 
affected the same as with figure 9. 






D. Current output-shunt input 


1 • Figure lie shows the hlocic diegrein with the output 

current flowing through the feedback sampling circuit. 

The feedback voltage developed is applied in shunt with 
the input signal, the polarities being 180* out-of-phase, 
to reduce effectively the driving signal to the gain- 
block . 

2. Figure 11b shows a CE to CE amplifier with the output 
resistance being increased and the input resistance being 
lowered by this type of feedback. The feedback signal is 
taken from R^, which samples the output load current. It 
is then applied through Rf in series with the Ri of the 
first stage. Since this type of feedback tends to keep 
the output current constant, the gain-block resembles a 
constant-current generator with its high output 
resistance . 

3. In figure 11c, R 2 samples the load current and is also a 
part of the load resistance of the last stage. Load- 
current variations develop the feedback signal voltage 
across Ri. The gain, stability, distortion, and noise of 
this type of feedback application are similar to the 
others discussed. 

E. Current output-series input 

1 . Figure 12a shows a block diagram with the output load 
current flowing through the feedback sampling circuit, 
and the feedback voltage developed by the load current, 
which is applied in series with the input signal. 

2. This application maintains a constant output current and 
greatly controls the input driving signal current. The 
input and output resistances are increased by this type of 
feedback application. Figure 12b shows the CE amplifier 
with the resistor in the emitter leg. It is strongly 
emphasized here that this resistor will prevent thermal 
runaway. Reasoning reveals that if the output current 
tends to "run" , the feedback voltage it develops across R 
reduces the forward bias, resulting in slowing the "run" 
to a "crawl" and a "stand still." This resistor, when 
bypassed, allows maximum stage gain. However, when 
unbypassed, it introduces degenerative feed-back to the 
applied a-c signal and improves the stability, bandwidth, 
distortion, and noise figure as discussed previously. 
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(c) 

Figure 11 


196 




3» Figurs 12c is a very popular compound— connection config- 
uration. develops the feedback signal caused by load- 

current variations. The output stage is also the emitter 
load for the input stage. The input resistance is 
extremely high/ along with the corresponding increase in 
output resistance. Figure 12d shows three CE amplifiers 
with applied feedback (current output-series input). 

Combinational feedback 

1. Depending on the requirements, feedback can alter slightly 
or drastically, the input /output resistance of any type of 
amplifier. The characteristics of one can be overshadowed 
by another, depending on the amount of each applied. 

2. Figure 10c is voltage output-series input, but the emitter 
of the first stage introduces a small amount of current 
output-series input, locally. This, of course, is 
unavoidable, because the emitter of the first stage must 
be above ground for injection of the overall feedback 
loop. The same holds true for figure lOd. 

3. The complexities which reactive components add to feedback 
are too great to be analyzed in this allotted time. The 
technician will see various types and applicatons during 
his troubleshooting procedures. With experience and 
further studies, you will become familiar with the forever 
common feedback circuits. 





NOTETAKING SHEET 2. 11. IN 


FEEDBACK AMPLIFIERS 

REFERENCES: 

1. Essentials of Radio-Electronic3 , Slurzburg & Osterheld, McGraw- 
Hill Co./ Second Edition, 1961. 

2. Electronic Circuits , NAVSHIPS 0967-000-0120, March 1980. 

NOTETAKING OUTLINE: 

I. The Open-Loop System 
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II. The Closed-Loop System 




III. Classes and Types of Feedback 
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IV, Feedback Characteristics 
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Frequency Response 
Figure 3 



Figure 4 - Single-Stage-Voltage 
Feedback. 
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B. Multistage voltage feedback (shunt) 
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C. Multistage voltage feedback (series) 
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D. Current feedback 
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E. Combination feedback 
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INFORMATION SHEET 2.12.11 


DIRECT-COUPLED AMPLIFIERS 


INTRODUCTION 

Many electronic systems, ranging from voltage regulators to complex 
instrumentation systems, require the amplification of d-c voltages. 
Many times pne stage of amplification is not sufficient to bring 
the amplitude of such signals to the required values; therefore, 
the different types of coupling are necessary to ensure that maxi- 
mum transference of energy is required. This lesson on direct 
coupling and operational amplifiers is essential for the 
technician . 


REFERENCES 

1. Milton S. Kiver, Transistor and Integrated Electronics . 
McGraw-Hill Boole Company, Fourth Edition, 1972. 

2 . Robert L. Shrader, Electronic Communication , McGraw-Hill Book 
Company, Fourth Edition, 1980. 


INFORMATION 

1 . The following figures are labeled by title and will assist you 
in following the instructor through the lesson. 
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Figure 1 




Cascaded CE d-c Amplifier. 
Figure 2 
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Complementary Symmetry 
Figure 3 
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Complementary Darlington's 


Figure 7 



■=• differential -Vctr 

amplifier EE 

Figure 8 — Modulated a-c Carrier 
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[I. DIRECT-COUPLED AUDIO AMPLIFIER 

A. Application 

The direct-coupled audio amplifier is used where high gain 
at low audio frequencies or amplification of direct 
current (zero frequency) is desired. The direct-coupled 
audio amplifier is also used where it is desired to 
eliminate loss of frequencies through a coupling network. 
This circuit has numerous applications, particularly in 
computers, measuring or test instruments, and industrial 
control equipment. 

B. Characteristics 

1. Uses common-emitter circuit for high gain. 

2. Usually requires thermal stabilization to prevent 
runaway . 

3. Frequency response extends to zero frequency (direct 
current) . 

4. Responds equally well to pulses or sine waveforms. 

C. Circuit Analysis 

1. General. The transistor is a device which uses the 
change of current flow through a resistor to produce 
amplifying action. D-c bias potentials are applied to 
the transistor elements to fix the point of operation. 
In a-c coupled amplifiers, the d-c biasing potentials 
are effectively isolated and remain unaffected by the 


215 





5. By the same type of reasoning, it can also be seen that 
even in the absence of an input signal a change in the 
gain of one stage (or the overall gain of cascaded 
stages), as a result of collector supply variations, 
will produce an output signal. Similarly, a change in 
bias level in any stage or on any element will be 
amplified proportionally, and a change of output will 
occur. Such changes in bias levels normally occur as a 
result of temperature variations, aging, difference in 
transistor characteristic due to manufacturing 
processes, or changes in transistor leakage current, and 
are referred to as drift. 

6. The variation of the forward-bias characteristics of a 
typical germanium diode with temperature is shown in 
figure 10. The forward-bias variation is usually 
expressed as a change in bias voltage with temperature 
at a constant forward-bias current. It is usually 
small, but becomes significant because of the large 
amplification it receives because of the direct-coupling 
arrangement . 



7 . The manner in which the collector-base diode varies 
its reverse saturation current with temperature is 
also shown in figure 11 (for a typical germanium 
transistor). In this instance, the figure shows 
that the reverse-current characteristic is highly 
temperature-dependent, and relatively large current 
variations are produced as the temperature is 
increased. 
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VARIATION OF COLLECTOR-BASE DIODE REVERSE CURRENT 

Figure 11 

8. In a similar manner, it. can be shown that the forward 
current transfer characteristic of a germanium tran-- 
sistor also varies v/ith temperature; however, in this 
case the gain can either increase or decrease with 
temperature (silicon types generally increase with 
temperature). The percentage variation in gain with 
temperature varies greatly with the operating point, 
many units show a change in sign as well as magnitude 
The gain variation of a silicon type may be from two 
ten times that of a germanium type. Thus, we can see 
that the major sources of drift in transistors are 
changes in the d-c properties of the collector-base a 
emitter-base diodes, and changes in the d-c forward 
■transfer ratio. Generally speahing, in comparing th€ 
operation and performance of germanium and silicon 
transistors, it can be said that at temperatures belc 
that of the reference temperature, Tq, the two types 
comparable. At and above the reference temperature, 
silicon type tends to have lower drift. The referenc 
temperature for silicon is 100** centigrade, and that 
germanium is BO” centigrade. V7ith low source resist- 
ance, low values of drift are obtained above Tq, whi: 
with high source resistance, the best performance oci 
at temperatures where the reverse— saturation collect! 
current nay be neglected. 

9. In d— c amplifiers, low drift is obtained by operating 
with low values of collector current; this reduces t 
reverse-leakage current by keeping the voltage betwe 
the collector and the base at a low value. This vol 
forward bias for reverse current. Generally, a 
design precautions which reduce drift also reduce no 
conversely, with low noise, less drift is obtained. 
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When the collector current is reduced, the gain de- 
creases and the internal emitter resistance increases. 
Because of the reduction of gain, the amount to which 
the collector current of the first stage can be reduced 
is somewhat limited. In single-ended amplifier stages, 
both the current drift and the voltage drift in the 
second stage tend to help cancel the input-stage drift; 
in a differential d-c amplifier, however, the drift in 
the second stage may either aid or oppose that of stage 
1, depending upon the design. 

10. Despite the apparent disadvantages of the d-c amplifier, 
it does produce (for a two-or three-stage unit) high 
gain and good fidelity, particularly in the low- 
frequency portion of the spectrum. It also provides 
amplification with as few parts as possible; thus, it is 
economical to build. In actual practice, the d-c 
amplifier is usually limited to one or two stages of 
amplification because of drift, especially where d-c 
must be amplified or where frequencies of 10 to 12 Hz 
are of importance. To overcome the effects of drift in 
d-c amplifiers, a special "chopper amplifier” has been 
developed; this amplifier converts the d-c into a-c so 
that the stages can be isolated and thus prevent the 
cumulative drift which normally occurs. This is a 
special type of amplifier, which will be discussed later 
in this section of the Information Sheet. 

D. Circuit Operation 

1. Basic Circuit. The schematic of a basic common-emitter 
d-c amplifier is shown in figure 12. the input signal 
is represented by the AF generator with an internal^ 
resistance equal to RjuT* The input signal is applied 
between base and emitter. Transistor Qi is biased by 



BASIC 0-C amplifier (CE) 


Figure 12 
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Rg, using the form of external PNP self-bias. (Rg ^nd 
the internal resistance of the base-emitter junction 
form a voltage divider across the collector supply, ^nd 
a forward bias is developed across Rg.) The input signa 
opposes the bias between base and emitter, which ia 
normally chosen for class A operation. The direction o 
electron current flow through the collector output load 
resistor, Rl, is indicated by the arrows. The polarity 
of the resulting d-c voltage across the load resistor 
is as shown. When the positive alternation of the inpi 
signal is applied to the base, the base-to-emitter bia£ 
is reduced (since the signal and bias voltages are of 
opposite polarity). Because the base-to-emitter poten- 
tial is now less than the normal value, the hole currei 
from the emitter to the collector ia lowered and 
electron flow through the output load resistor is 
reduced. The decrease in voltage drop across Rl pro- 
duces a negative swing and, consequently, produces a 
negative output signal across Rl* As the sine-wave^ 
input signal goes negative, the bias potential is aide 
by the input signals, and as the base-to-emitter bias 
ia increased, more hole current flows to the collector 
This produces more electron flow through the collector 
circuit, increasing the voltage drop across Rl, and 
produces a positive output-signal swing during the tin 
that the input signal is negative. This effectively 
produces an opposite-polarity output signal (sometimes 
referred to as a 180* phase reversal). Since Rl is t\ 
load for both d-c and a-c, there is only one load 
line, and any internal noise voltages flowing through 
the load resistor add to the developed output voltage 
Since the output across Rl is applied directly to the 
base of the next stage, it can be seen that these noii 
components appear across the following input circuit. 
In an a-c coupled circuit, these noise components, coi 
sisting of d-c or very low frequencies, are usually 
eliminated (blocked by the coupling capacitor). Thes 
noise components are produced by thermal effects, and 
also result from electron flow through the load 
resistor. They include the so-called white noise 
generated by diffusion— recombination effects within t 
transistor (similar to shot noise in the electron tub 
and surface and leakage noise from the transistor, wh 
is sometimes referred to as semiconductor or i/f nois 
to distinguish it from white noise. Such noise is 
mostly confined to the region of from 1 to 10 Hz for 
white noise (in the audio range), with the semiconduc 
noise predominating and increasing for frequencies lo 
than 1 kHz. The d-c noise results from supply voltag 
variations. Thus, the noise components, usually eliit 
nated by the a-c coupling capacitor in other types or 
amplifiers, create a design problem in the sraall-sigr 
type of d-c amplifier. In large-signal amplifiers, 
these noises are usually masked by the large input 
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signal. Note also that any d-c bias changes caused by 
thernal instability of the stage also appear across the 
load, and are applied to the input of the next stage. 
This is an inherent disadvantage of the d-c amplifier. 

On the other hand, with proper input and output match- 
ing, maximum gain is obtained in the stage; moreover, 
with no coupling network to create a loss between 
stages, maximum output and efficiency are produced. 

Since all frequencies are present, including d-c (zero 
frequency) and are applied equally to the next stage, it 
can be understood why the d-c amplifier presents maximum 
gain with excellent frequency response, particularly at 
the lower frequencies . 

2. Cascaded Stages. Because of the high gain possible per 
stage, many applications require only a single stage of 
d-c coupled amplification. Where more than one stage is 
required, transistors offer circuit arrangements that 
are not possible with electron tubes. For example, 
through the use of complementary symmetry, it is 
possible to connect the collector of the input stage 
directly to the input of the second stage without dis- 
turbing bias arrangements, and to use the same supply. 

By using alternate arrangements of NPN and PNP tran- 
sistors, only one supply is needed. Recall that in the 
vacuum-tube d-c amplifier, as each stage progresses, the 
plate voltage is increased, with the grid being tapped 
back onto the preceding-stage plate voltage to obtain 
the bias. Only tandem arrangements of similar-type 
transistors can follow this principle. The term comple- 
mentary symmetry is derived from the fact that the NPN 
transistor is the complement of the PNP transistor, with 
both circuits operating identically, but with opposite 
polarities. Figure 13 shows a simple direct-coupling 
circuit using complementary symmetry. 



TANDEM COUPLING ARRANGEMENT 


Figure 13 
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3. In this figure, the direction of electron flow is sho-v 
by the arrows. It is evident that the base-emitter 
junction of the second stage carries the collector 
current of the first stage. If the collector current 
of the first stage exceeds the maximum base-emitter 
current rating of the second stage, the collector re- 
sistor shown in dotted lines must be used . Otherwise 
this resistor is not needed and proper design produces - 
saving in components. To do this, of course, the trati," 
sistors must be of opposite types (NPN to PNP to NPN). 

4. By the use of a special compounding connection, two 
transistors may be employed as a special type of d-c 
amplifier to obtain linearity and almost unity gain 
(alpha). Figure 14 shows the compound transistor 
connection, using the common-base configuration. 



Figure 14 


Note that the input to the second stage is the base 
current of the first stage. Effectively, the input 
impedance is the series combination of the two tran- 
sistors, while the outputs are in parallel. Such a 
circuit is roughly analogous to the push-pull electron 
tube circuit. Actually, this circuit is employed as a 
single-transistor compounded-type circuit, with emittei 
base, and collector resistors used externally. The 
direction and relative values of current flow are show 
in the figure, assuming the use of two transistors witi 
an equal afi^ of .95. When these values are converted 
to afg, the total combination value (.9975) is equal ^ 
a gain of 399 as compared with afg of 19 for a singl® 
transistor, or more than the normal gain of two sta9®® 
in cascade (19 x 19 - 381). Compounded transistors ^ 
be employed single-ended, or in complementary syrametty 
as push-pull stages,, exactly as for single transistor® 
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They represent a special and unique circuit alone; how- 
ever, they are shown here to illustrate how they are 
derived from the basic d-c cinplifier. In most applica- 
tions, the compounded circuits form the output stages 
of an amplifier, or are used as the d-c amplifier in a 
voltage-regulator circuit. 

5 . A typical three-stage, single-ended d-c amplifier is 

shown in figure 15 . It represents the minimum of parts 
and d-c supplies needed for a high-gain, three-stage 
complementary-symmetry type of d-c amplifier for small 
signal applications. 







R3> output 


TYPICAL THREE-STAG AMPLIFIER 
Figure 15 

As shown, the base of the input stage is completed 
through the input device, it is effectively open, it has 
no driving voltage, and zero base current exists. The 
collector current, ^CEOi, flows through the base of 
stage 2, which is biased by supply ^EE2 in series with 
the emitter of stage 2 . Since stage 1 uses a NPN tran- 
sistor, the positive emitter bias of stage 2 is of the 
proper polarity to act as collector voltage for Q 1 . Any 
change in the collector current of stage 1 appears at 
the collector of stage 2 in amplified form; that is, 

^^2 = ®2iCE01' where B2 is the current gain of stage 2. 
Stage 2 uses a PNP transistor; therefore, by comple- 
mentary symmetry, stage 3 must also be an NPN stage 
similar to stage 1 . The emitter bias for stage 3 is 
supplied through VEE3, which is connected positive to 
ground. Thus, the collector supply of stage 3 (''^003) is 
of series— aiding polarity, and the total collector volt- 
age is that of both the collector and emitter supplies 
of stage 3 . In a similar manner, the collector voltage 
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of stage 2 is supplied by ®EE 2 and ^££ 3 . The collectoj 
current of stage 2 is the base current of stage 3. Tlie 
output of the amplifier appears across collector re- 
sistor R4, and the collector current is that of stage 
2 multiplied by the amplification factor, or Ic 3 = 
B2B3lcEO* Emitter resisistor Rl, R2, and R3, which 
of a low value, provide degenerative feedback; they aij,. 
act as emitter-swamping resistors to help stabilize the 
amplifier with respect to temperature variations. 

Assuming that the input stage has a collector current of 
5 yA and assuming a gain of 38, the second stage will 
have a collector current of 190 uA. With a gain of 40, 
the third stage collector current will be 7.6 itiA. It is 
clear that any slight change in the current of stage 1 
caused by temperature or noise will be greatly amplified 
and appear at the output of stage 3 . With such sensi- 
tivity and amplification, therefore, it is almost 
mandatory that such an amplifier be temperature- 
compensated, even^ if room temperatures do not vary 
excessively. Natiarally, the amplitude of the input 
signal must be limited if true fidelity is to be 
obtained. Driving the transistor into cutoff and 
saturation would clip the peaks of the signal, just as 
an electron-tube operation. It is also evident that 
low-noise transitors must be used; otherwise, the noise 
might mask the signal. Note that in this amplifier the 
small emitter bias of stage 2 operates as the collector 
voltage of stage 1. Low collector voltage is used to 
minimize noise generated in the input stage. 
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INFORMATION SHEET 2.12.21 
OPERATIONAL AMPLIFIER FUNDAMENTALS 


INTRODUCTION 

1 . The operational amplifier is an extremely efficient and 
versatile device. Its applications span the broad electronic 
industry filling requirements for analog instrumentation, 
analog computation, and special system design. 

2. Originally, the term "Operational Amplifier" was used in 
computing to describe amplifiers that performed various 
mathematical operations. It was found that the amplification 
of negative feedback around a high gain d-c ampifier would 
produce a circuit with precise gain characteristics that 
depended only on the type and amount of feedback used. By the 
proper selection of feedback components, operational amplifier 
circuits could be used to add, subtract, multiply, divide, 
integrate and differentiate . 

3. As practical amplifier techniques became more widely known, it 
was apparent that these feedback techniques could be used in 
many control and instrumentation applications. .Today, the 
general use of operational amplifiers has been extended to 
include such applications as d-c cimplifiers, a-c amplifiers, 
comparators, servoaraplifier , deflection yoke drivers, and a 
host of others . 

4. What the operational amplifier can do is limited only by the 
imagination and ingenuity of the user. With a good working 
knowledge of its characteristics, you will be able to exploit 
more fully the useful properties of operational amplifiers. 


REFERENCE 

Transistor and Integrated Electronics , Kiver, McGraw-Hill, Fourth 
Edition, 1972, pages 271-305 


INFORMATION 

A. Definition - An operational amplifier is a high gain, direct- 
coupled (d-c) amplifier utilizing degenerative feedback for 
control of its eumplification factor. 
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B. Purpose 


1. Operational amplifiers perform no computation by 
multiplication; i.e., the input voltage is multiplied by 
amplifier gain. Eq = Bin A. If the gain (A) is less 
than one, then the operational amplifier is dividing. 

For example, an amplifier with a gain of .5 will always 
multiply its input by 1/2. 

2 . Gain itself is determined by the ratio of input voltage to 
output voltage. 

A = Eq . The voltage gain of an operational amplifier is 
Ein 

a ratio of Eq : 

3. However, the amplifiers do improve the performance of 
various computing loops, by accomplishing the following: 
reversing the sign of a voltage with or without a change i 
scale factor; isolate or eliminate the loading of one com- 
puting element from another; provide a voltage proportiona 
to the algebraic sum of two or more input voltages. Duet 
the various functions performed by operational amplifiers, 
they are called by several names; computing amplifier, 
isolation amplifier, feedback amplifier, and summation 
amplifier. 

C. Functional analysis 
1. Amplifier section 

a. In order to better understand operational eimplifiers, 
we will first go through the different portions of tb 
operational amplifier. 

b. The heart of the operational amplifier is the amplifi 
section. It is represented by the triangle in figurs 
1. It contains an odd number of direct-coupled (d-c) 
amplifiers, usually three or five stages. The odd 
number of amplifiers are required to provide 180 de- 
grees of phase shift from input to output. The outpu 
voltage will always be oppostie or inverted with 
respect to the input polarity to provide degenerative 
feedback . 

c. Open loop gain, that is the gain of the amplifiers 
without feedback, is from 1 x 10 3 to 2 x 10 ^ but it i 
usually around 50 x 103 or 50 k; 92 dB. 
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e. Block A is the input stage. It usually consists of j 
cathode follower (in tube types) or an emitter foUo^ 
in transistors. This gives isolation for the ampUfj 
section. If» however, an external stabilization 
circuit is used, then the input stage is a different; 
amplifier. 

f. Blocks B through D are the d-c amplifiers. With a 
stage gain of only 100 then the over gain of the 
circuit would be 1,000,000 1 x 100 = 100 x 100 = 10]{ 
100 =* 1,000,000. Because there is an odd number of 
stages, phase inversion always occurs. 

g. The final stage again will be either a cathode folio 
or an emitter follower for further isolation. 

h. Ra is the base or grid resistor for the first stage. 
It develops eg or the input potential for the aitiplif 
section. 

i. The effective input impedance is very low. It nay t 

found by the formula Zin (of amplifier section) 
Some typical values are; 14 

Zf = 1 megohm 

A =» 50k 

If they are put into the formula, then L- ** 20 Q 

^ l+50k 

approximately. The effective input impedance is vei 
low. 

j. The amplifier section's output impedance is also lov 
Zq of the amplifier section may be found by using tt 
formula 


2*0 = where 

1+AB 

rp = plate resistance of the final amplifier stc 

B = ratio of input impedance to the sum of inpu< 
and feedback impedance 

B = ^in 

2f+Zin 

with some typical values rp = 50k Q 

B = .5 if both Zf and Zfn iM, A = 50k, then 

is approximately 5 ohms. Some typical values 
Zq are 5 to 10 ohms. 
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k. Since Zq is small, the output voltage is essentially 
independent of load current. 

2. Computing impedances 

a. Zf and Zi^ are the computing impedances. They may be 
either resistors or capacitors; i.e., resistance or 
capacitive reactance . According to the ratio of 
impedances, and the type of impedance, specific 
functions such as algebraic summation, multiplication 
or division by a constant, differentiation, integration 
and other special function circuits. 

b. The input impedance, Z^j^, is usually in the 500 k to 10 

megohm range. It couples the input voltage from the 
preceding stage. It is also used as a current summing 
network to reduce to eg the input voltage to the 

amplifier section. 

c . The feedback impedance Zf is also in the 500 k to 10 
megohm range. It develops the output voltage Eq and 
couples the feedback current and voltage fc?rm output to 
input . 

Theory of operation 

1. The function of the circuit in figure 3 is to reverse the 

sign of the voltage, and give a gain of -1. 

2. Operation 

a. The input voltage E^n causes a current lin to flow 
through Z^n* 

^in = 

Zin 

b. If Ein i-s a positive voltage, then will develop a 
small positive voltage (eg) at the input to the ampli- 
fier section. The cinplifier section will amplify 

and invert it (odd number of stages) causing a negative 
Eq . 

c. The resulting difference of potential between the input 
terminal and output terminal will cause a current (Ifb) 
to flow through Zf. 

Ifb = I££ 

Zf 
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summing point 

Figure 3 

BASIC OPERATIONAL AMPLIFIER OPERATION 

Gain = 

^in 

^in 

Z,-„ 
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d. Since an amplifier operating class h has very little 

grid or base current, the appears in series with 

IfTj. The voltage potential eg is almost zero during 
operation. The current through R-^ is on the order of 1 
X 10“**’ pA and nay be disregarded. 

e. In figure 4, the external current flow is shown. 


”^0 -Eo 



E|N 

E|N 


Figure 4 

^in ^fb appear in series and in series circuits 

all currents are equal. 

f. Since = ifb» then by algebraic substitution: 

^in = ; ^fb “ 

Zin Zf 

£in. = 

Zin Zf 

g. Solving for Eq,* multiply by (-Zf). 

(“Zf ) {£in) s '*'^0 (+Zf ) 

Zin Zf 

Eo * ~^f Efn 

Zi n 
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h. The formula Eq _ "^f is the basic formula for the 

2in 

output voltage of any operational amplifier. 

i. Remember that the gain of any amplifier is a ratio of 

• In an operational amplifier then by 

®in ®in ^in 

transposing the formula. The gain of the operational 

amplifier is determined by the ratio of • Whatever 

^in 

its circuit configuration and its function in the 
circuit. 

j. In figure 3, then, with an input voltage of IV and 

Zin = IM; Zf = IM. Eq = -IM ly = -iv = Eo. 

IM 

Sign inversion and a gain of negative one. 

Tc. The feedback current (Ifb) is determined primarily by 
Zin ®in ifb will equal lin at all times. 

1. With IV in and Zf and Zin i megohm then: 


iin 

= Ein 


Zin 

iin 

= IV 


IM 

iin 

= luA 


ifb is equal to £2 

Zf 

ifb = ziv 
IM 

ifb = lyA 
ifb ~ iin 

m. If Z^ is increased to 2 megohms with both Zin and Ei 
remaining unchanged, then Eq = -2V. 

Ifb =. !o 

Zf 

= -2V 
2M 
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b “ IwA 



Note that If ]3 did not change even though Zf changed. 
This determines Eq. 


n. 


Multiplication is performed when the 
greater than 1 . 


Zf 


'in 


ratio 


is 


> 1 - multiplication 

Zin 


o. Division may be performed if the ZfrZ^ji ratio is less 
than one. 


Zf 



< 


1 


division 


p. The voltage eg is very small and may be determined from 
the formula 


Eq = Ein A 

E 

The voltage eg is equal to _2 where A is the open loop 

A 

gain of the amplifier section. 



with a + IV as Zf of 2M and Zf^ of IM, then 

Eo = -2V. 


eg 


= -2V _ 


open loop gain. 


eg = 40 pV 

q. The voltage at this point is called virtual ground. 
The effective impedance is very small. Current flows 
toward this point and away from it acting as a ground. 


r. The operational amplifier constantly seeks to obtain 
this virtual ground. So, when E^^ increases or 
decreases, Eq must correspondingly change, by amplifier 
action, to cause a current to flow through Zf that just 
balances the current flow through 

s. Operational cimplifiers are self regulating. If Eq 
increases due to amplifier gain, component variation, 
etc. 


(1) Feedback increases. 

(2) Eg would decrease. 
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(3) Overall circuit gain decreases. 

(4) Eq returns to its correct value. 

If Eq decreases due to amplifier changes; 

(1) Feedback voltage decreases. 

(2) Eg increases. 

(3) Overall circuit increases. 

(4) Eq returns to its correct value. 

t. The operation of the amplifier with its Zf and Zj^jj 1, 
to keep virtual ground at near zero potential, then ' 
and Ifb will appear in series. Circuit gain will be' 
determined by ratio of Zf/Z^n* 

u. The input impedance of an operational amplifier is 
high; its output is low. Input impedance is Z^n* 
makes an operational amplifier a very good isolation 
device . 

F. Chopper Amplifiers 

1. One problem which adversely affects the usability of 
operational amplifier for accurate computations is drift 
the d~c amplifier. Drift refers to a variation in output 
voltages that is independent of the input signal. Any s. 
variation, of course, would result in a computational 
error. 

2. Amplifier drift is primarily attributed to variations in 
supply voltages, circuit components, and filament voltage 
for tube-type amplifiers, and in temperature for the 
transistorized versions. 

3. Much of the solution to the drift problem exists in 
standard design techniques such as the use of well- 
regulated power supplies, special cooling arrangements 
for controlling ambient temperature, temperature- 
compensating devices in transistor circuits, and carbon 
film and wire-wound resistors operating at a fraction of 
their rated power dissipation. 

4. The chopper amplifier is used for automatic balancing of 
drift control. This technique employs a modulator to 
convert the d— c low-frequency to a higher- frequency sigP^; 
which can then be amplified by a high-gain, drift-free 
amplifier. To recover the original signal, the a-c sigr.^^' 
is passed through a demodulator. 
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5. An electromechanical vibrator or chopper is frequently used 
as the iTKDdulating-demodulating device, since it is rugged 
and drift-free and one unit acts as both the modulator and 
demodulator . 

6. How the chopper is used is shown in figure 5. The basic 
circuit is shown in (A) and associated waveforms are shown 
in (B). The chopper, in synchronism with the a-c supply 
frequency, chops (modulates) the input signal and rectifies 
the amplified output of the a-c amplifier. The low-pass 
filter at the input prevents higher-frequency components 
from passing through the a-c cimplifier, and the filter at 
the demodulator and recovers the a-c and low-frequency 
components and attenuates the higher-frequency components, 
including the chopping of carrier frequency. 

7. Note that the chopper amplifier is phase-sensitive; a sign 
change of the d-c input results in a 180“ phase reversal of 
the a-c voltage and a corresponding sign change of the 
filtered d-c output. In figure 5 the output is shown out 
of phase with the input. By adding or deleting one stage 
in the a-c amplifier, the output could be made to be in 
phase with the input. 

8. When the drift-free chopper amplifier is combined with a 
conventional d-c amplifier, as shown in figure 6, automatic 
correction for drift is accomplished. The circuit is 
commonly called an automatically balanced or a chopper- 
stabiized operational amplifier. 
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. To understand the automatic balancing action, assume that a 
positive d-c or slowly changing drift voltage appears at 
the output terminals. (This would be analogous to a nega- 
tive input at the A terminal of the d-c amplifier.) The 
error voltage would be fed back through Zf and, after 
processing by the chopper amplifier, would end up as a 
negative balance signal at the B terminal, reducing the 
output offset voltage to zero. A similar action occurs for 
negative drift voltages except that the polarities of the 
involved signals would be reversed. 

10. To illustrate the properties of high-quality computer amp- 
lifiers using chopper stabilization, some representative 
specifications are tabulated below: 

a. Gain of the d-c amplifier channel, 30,000 to 150,000. 

b. Gain of the automatic balancing channel, 2000 to 3000. 

c. Total d-c gain, 25 x 10®. 

d. Grid current, less than 10“** yA. 

e. Average drift over an 8-hour period, 20 to 200 yV. 

f. Linear output range, at least ± 100 volts into rated 
load; decreases above 100 Hz, depending on tube types. 

G. Scale Factors 

1. An input scale factor will be changed by the gain of an 
amplifier. In an isolation aunplifier with a gain of -1, 
Zf/Zin ratio of one, there will be no scale change. There 
is nb change in analog units; therefore, no change in scale 
factor. If the gain of the circuit is more or less than 
one, the scale factor must be changed. 

2 . The identity process is used to change scale factors . 

a. If the output voltage is different from the input 
voltage, then the ratio of analog units to equation 
units must also change. Refer to figure 7. In figure 
7, the Zf to Zfn ratio is -2. With 5V in, 

-lOV. The input voltage represents 2500 knots; there- 
fore, by the law of identity the output voltage must 
also represent 2500 knots. This means the scale factor 
must be changed. The output voltge would represent 
5000 knots, unless the scale factor is changed. 
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Figure 



b. To compute the change in scale factor, use the formula; 


Scale factor out = (scale factor in) ^ 


SFo = 

SFin 


Zin 

SFo = 

(lV/500 kts) (2) 

SFo = 

2 


500 

SFo = 

IV 


250 kt 


c. • The new scale factor lV/250 kts, the output voltage 
still represents 2500 knots. 

Equation units = S.F. x analog units 

= (lV/250 kts){-10V) 

2500 kts out = 2500 kts in 


3. In analog devices, input variables must be scaled to 
represent the same information (equation units) in 
different modules of the device. This may be accomplished 
by the circuits shown in figure 8. Note that the input 
information to amplifier #1, 250 knots of airspeed from the 
airspeed circuits is represented by 5V at a scale factor 



Figure 8 
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of lV/50 kts. Throughout the circuit, the equation units 
remain the sane. However, the proper application of scale 
factors and the law of identity allow the information to 
be represented by four different voltages, as shown in 
figure 9. 

Bin Scale factor Represents Eq Scale factor Represents 

in out 

Anp #1 5V lV/50 kts 250 kts -lOV lV/25 kts 250 kts 

Amp #2 -lOV lV/25 kts 250 kts + 2V lV/125 kts 250 kts 

Amp #3 +2V lV/125 kts 250 kts -20V lV/12.5 kts 250 kts 

Figure 9 


H. Basic Operational Amplifier Circuits 

1. The circuits covered below are some basic operational 
amplifier circuits covered in outline form. These are 
only basic circuits. There are many more. 

2. Summing Amplifiers are used as an electronic summation 
circuit. Eq represents the algebraic sum of input 
voltages . 



R2 


Figure 10 
Summing Amplifier 

Definition - An operational amplifier with more than one 
input. 

3. Operational amplifier switch operates as a switch with its 
operating point determined by the bias potentiometer R3. 

a. With no voltage present on R1 and with E2 a negative 
voltage, the output voltage will be positive causing 
diode CRi to conduct. 

b. Resistance of CR^ when conducting is very low. 

c. Output voltage would be near zero. 
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Figure 11 

Operational Amplifier Switch 


d. Recall that resistance of conducting diode is about 
100 ohms . 

(1) Eq = E^n 

^in 

(2) Eq = -100 Ein 

IM 

(3) Eq is very small 

e. When input potential on R1 becomes sufficiently 
positive to drive input to a positive voltage Eq will 
become negative and diode CR^ becomes reversed biased. 

f. The feedback impedance increases and gain switches from 
low to high. 

g. If a specific gain is desired, a resistor is placed in 
parallel with the diode. 
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(1) When diode is forward biased, all feedback currej, 
flows through diode. 

(2) When switching occurs, diode's resistance is rauc}, 
greater than resistor (Rfb) and feedback current 
flows through resistor (Rfb) • 

(3) The result is a specific gain at switching point 
for controlled inputs. 

4. Logarithmic amplifier 



Eo 


Figure 13 

Logarithmic Amplifier 

a. Diodes CRi and CR 2 are special function diodes with 
variable conduction level. 

b. Two diodes are used so that there may be both positi 
and negative inputs . 

c. As input voltage increases in amplitude, one diode c 
the other, depending on the polarity of the input, 
conducts . 

(1) As diode conducts harder, current flow increases 

(2) It seems as if Zf had decreased. 

d. This results in a logarithmic gain for this circuit. 

(1) High gain for small signals because of low con- 
duction, therefore high resistance of diode. 

(2) Low gain for larger signals. 
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5. Integrating Operational Amplifier 


C 



Figure 14 

Integrating Amplifier 

a. Integrates input voltage with respect to time by 
accumulating charge on capacitor. 

b. For example, if an input voltage waveform represented 
acceleration, the output voltage would be the integral 
of acceleration, i.e. velocity. 

6. Differentiating Amplifier 



Disp. In. 


ds 

dt 


V out 


Figure 15 

Differentiating Amplifier 

a. Differentiates input voltage. 

b. Output voltage represents derivative of input. 

c. For example, if the input voltage represented displace- 
ment, then the output would represent ds/dt or V. 
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NOTETAKING SHEET 2. 12. IN 


DIRECT-COUPLED AND OPERATIONAL AMPLIFIERS 


REFERENCES: 

1. Electronic Circuits , NAVSEA 0967-LP-000-01 20 , pages 5-279 tc 
5-318. 

2o Transistor and Integrated Electronics # Kiver, M, S., 
McGraw-Hill, Fourth Edition, 1972, pages 306 to 310. 

3 , Integrated Circuits and Semiconductor Devices , Deboo and 
Burrous, McGraw Hill, Second Edition, 1977, Chapter 4. 

4. Electronics Communication , Schrader, R, L. , McGraw Hill, 
Fourth Edition, 1980, pages 216 and 317. 


NOTETAKING OUTLINE: 

I. Direct-Coupled Amplifiers 
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Figure 3 .-Two- Input- Balanced Output Differential Amplifier 



11. Operational Amplifiers 


A. Definition 


B. Uses 
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Figure 4 .-Operational Amplifier 
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C. Schematic symbol 


D. Basic functional analysis 
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E. Differential amplifier 
1 . Use 


EinI s+2v<Jc 

O 


Ein2»+3vclc 

O 



Eout 
+ I vdc 


Ffg.3 DIFFERENTIAL AMPLIFIER (basic) 


Figure 6 


2. Impedance ratio 


Rf slOKfl 



Fig. 4 DIFFERENTIAL AMPLIFIER 

Figure 7 


255 




256 



INFORMATION SHEET 2.13.11 


TRANSFORMER COUPLED AMPLIFIERS 


INTRODUCTION 

Many electronic systems, ranging from voltage regulators to complex 
instrumentation systems, require the amplification of d-c and a-c 
voltages. Many times one stage of amplification is not sufficient 
to brig the amplitude of such signals to the required values; 
therefore, the different types of coupling are necessary to ensure 
that maximum transference of energy is required. This lesson on 
transformer coupling is essential for the technician. 


REFERENCES 

1. Milton S. Kiver, Transistor and Integrated Electronics . 
McGraw-Hill Book Company, Fourth Edition, 1972 . 

2. Robert L. Shrader, Electronic Communication , McGraw-Hill Book 
Company, Fourth Edition, 1980. 


INFORMATION 



TRANSFORMER EQUIVALENT CIRCUIT 

Figure 1 
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j, Transistor circuits 
A. General 


1. Impedance coupling — The impedance coupler is used 
extensively in the transistor field. Here the 
increased power -hand ling (and matching) capabilities 
of an inductor provide more output than the load 
resistor. While the overall frequency response of 
impedance coupling is not as good as that of resis- 
tance coupling, it is much better than that of 
transformer coupling, because there are no leakage 
reactance effects to deteriorate the high-frequency 
response. The high-frequency response of the impedance 
coupler is limited mainly by the collector output 
capacitance, and the low-frequency response is limited 
by the shunt reactance of the inductor, LI. The 
efficiency of the impedance coupler is approximately 
the same as that of the transformer-coupled circuit 
(50% for the ideal case). See figure 3. 




Impedance-Coupling Circuits 
Figure 3 

2. Transformer coupling — Transformer coupling is used 
extensively in cascaded transistor stages and power 
output stages . It provides good frequency response 
and proper matching of input and output impedances 
with good power conversion efficiency. It is 
relatively much more costly and occupies more space 
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than the simple PC circuit components, but it ccanpares 
favorably in these respects with the impedance 
coupler. Its frequency response is less than that of 
the resistance- or impedance-coupled circuit. 

3. Coupling between stages is achieved through the mutual 
inductive coupling of primary and secondary windings. 
Since these windings are separated physically, the 
input and output circuits are isolated for d-c biasing, 
yet coupled for a-c signal transfer. The primary 
winding presents a low d-c resistance, minimizing 
colector current losses and allowing a lower applied 
collector voltage for the same gain as other coupling 
methods, and it presents em a-c load impedance of the 
following stage. The secondary winding also completes 
the base d-c return path and provides better thermal 
stability because of the low d-c (winding) resistance. 
Since the transistor input and output impedance can be 
matched by using the proper tiorns ratio, maximum avail- 
able gain can be obtained from the transistor. 

4. As in the impedance coupler, the shunt reactance of the 
transformer windings causes the low-frequency response 
to drop off, while high-frequency response is limited 
by the leakage reactance between the primary and 
secondary windings, in addition to the effect of col- 
lector capacitance. Because of the low d-c resistance 
in the primary winding, no excess power is dissipated, 
and the power efficiency approaches the maximum 
theoretical value of 50%. 

B. Transistor impedance-coupled audio amplifier 

1. Application — The impedance-coupled transistor audio 
amplifier is used where higher gain than the RC -coupled 
stage is desired with better response than that pro- 
vided by transformer coupling. 

2. Characteristics 

a. Uses common-emitter circuit for higher gain. 

b. Operates class A for linear operation and minimiara 
distortion. 

c. Usually amplifies small signals, but can be de- 
signed to handle large signals in cascaded stages. 

d. Is fixed-biased from the collector supply, but may 
use self-bias in some applications. 

e. Emitter swamping is normally used for thermal 
stabilization. 
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f. Gain is fairly uniform over a range of approxi- 
mately 100 to 15/000 Hz or more. 

g. Both voltage and power gain are high. 

Circuit analysis 

a. The impedance-coupled transistor amplifier is 

similar in a general sense to the impedance-coupled 
electron-tube amplifier. 

Figure 4 shows a conventional PNP, triode, common- 
emitter impedance-coupled transistor audio ampli- 
fier circuit. 



Impedance-Coupled Audio Amplifier 
Figure 4 

b. The input is shown capacitively coupled, and volt- 
age divider R]^, Rg provides fixed bias form the 
collector supply. Emitter swamping is provided by 
Re for temperature stabilization; Rg is bypassed by 
Ce* Collector impedance is the load across 
which the output voltage is developed; this voltage 
is applied through coupling capacitor C^^. to the 
output circuit. Resistor R 2 is the base-to-ground 
resistor in the next stage when cascaded amplifiers 
are used, or is the output load resistor (such as a 
headset) in a single-ended stage. (In some appli- 
cations, R 2 may be replaced by an iron-cored 
inductor similar to Lc . 
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c. Normally, the amplifier is a small-signal amplifier 
with the bias fixed at the center of the transistor 
dynamic transfer characteristic. With no input 
signal, a steady collector current flows as 
determined by the base bias voltage. With R 2 and 
R 3 connected across the collector supply as a 
voltage divider, a forward (negative) bias is 
developed across Rg; this bias is sufficient to 
cause the quiescent value of Ic to flow, even 
though the collector is reverse-biased. 

d. When the input signal goes positive, assuming a 
sinewave iput, the forward base bias is decreased 
instantaneously by the amplitude of the input 
signal, and collector current is reduced. The 
reduction in collector current causes the voltage 
across collector impedance to decrease and rise 
toward the supply voltage, which is negative? thus, 
a negative-swinging output signal is developed. 
When the input signal becomes negative, it adds to 
the forward base bias and causes to increase. 
The increase in collector current through pro- 
duces a large voltage drop across the impedance, 
reduces the negative collector voltage, and pro- 
duces a positive swing. Therefore, the collector 
output follows the input signal except that it is 
reversed in polarity; when the input signal is 
positive, the output signal is negative, and vice 
versa. The collector output is developed across 
the impedance of between the collector and 
ground, and is applied through coupling capacitor 
Cqc to the base of the next stage, or to the output 
load. 

e. In cascaded impedance-coupled stages, the base bias 

resistor and base-to-emitter internal impedance of 
the next stage transistor offer a shunt path 
between coupling capacitor C^c and ground. There- 
fore, the reactance of and the total parallel 

resistance (or impedance) from resistor of the 
first stage. If the reactance of the coupling 
capacitor is large, the output voltage is greatly 
attenuated, and ony a small output appears between 
base and ground of the second stage. Since the 
reactance of C^c varies inversely with frequency, 
the lower audio frequencies are attenuated more 
than the higher frequencies . For good low- 
frequency response, the coupling capacitor is made 
sufficiently large in value that its reactance is 
very small as compared with the base-to-ground 
resistance or impedance. This is similar to 
vacuum-tube practice, where relatively small 
coupling capacitors (such as .001 jiF) are satis- 
factory, because the vacuum-tube grid-to-ground 
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impedance is very high. Because the transistor 
base-to-emitter impedance is fairly low (about 500 
ohms), a coupling capacitor of 50 pF or more is 
needed to achieve the low impedance required to 
pass the signal without excessive attenuation. (A 
50 pF capacitor has a capacitive reactance of 
approximately 50 ohms at 100 Hz). For good low- 
frequency response, the reactance of the coupling 
capacitor should always be less than one-tenth the 
effective base input impedance. 

f. In those circuits where an impedance replaces R 2 , 
the coupling capacitor and inductor can be made to 
series-resonate at a low frequency to provide base 
boost. At the higher audio frequencies (about 
15,000 Hz), the collector-to-emitter shunting 
capacitance of the second stage, together with the 
large distributed capacitance from turn to turn of 
the collector-inductance, tend to bypass the high 
frequencies to ground, causing a drop in the 
response . 

g. The frequency-attenuating action produced by the 
transistor occurs because the width of the internal 
transistor PN junctions is voltage-sensitive. With 
higher voltage, the transition region is narrow, 
corresponding to the closely spaced plates of a 
capacitor with the associated high capacitance. 

The reverse bias on the collector also reduces the 
width of this transition region, so that transis- 
tors are generally characterized by a high inter- 
electrode capacitance. For example, an audio 
transistor may have a collector-to-base capacitance 
on the order of 50pF, as compared with a vacuum- 
tube plate-to-grid capacitance of one or more pF. 
The collector-to-emitter capacitance is usually 5 
to 10 times the value of the collector-to-base 
capacitance (in the common-emitter circuit), as 
compared with 8pF or less for vacuum-tube plate-to- 
cathode capacitance. Thus, it can be seen how the 
high-frequency response is affected considerably by 
internal transistor parameters. Of course, any 
shunt wiring capacitance and that of the collector 
inductance will also add to the shunting effects of 
the transistor. Both low-and high-frequency 
compensating circuits may be used to increase the 
frequency response of the circuit. 

h. Over the region of 100 to 15,000 Hz, the impedance- 
coupled amplifier has a relatively flat response, 
and with proper matching will afford high power and 
voltage gains. Hence, this form of coupling is 
employed where good audio response is required with 
a moderate power output (for high output. 
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transformer-coupling is used). The common-base 
configuration is sometimes employed where better 
high-frequency response is desired than that pro- 
vided by the common-emitter circuit, since the 
collector- to-base capacitance is only 1/5 to l/lO 
as great. 

i. Transistor audio amplifiers are also characterized 
by a high Inherent noise which is greatest at the 
lower audio frequencies. Operating with low values 
of emitter current and low collector voltages, 
together with low values of input resistance, tends 
to minimize the noise. By using an inductor in 
place of the base-to-ground resistor (Rb or R 2 in 
the schematic), a very low input resistance, and a 
lower noise figure over that of the PC -coupled 
amplifier, is obtained. In the common-emitter, 
degenerative effects produced by an unbypassed 
emitter resistor tend to increase the input re- 
sistance. Thus, it is conventional practice to use 
large emitter bypass capacitors to avoid any 
possibility of degeneration. As with electron 
tubes, external feedback circuits provide better 
response, although emitter degeneration may some- 
times be used. Since fixed bias from the collector 
supply may be easily obtained by a simple voltage 
divider, it is used in both large-and small-signal 
applications. Self-bias is generally restricted in 
use to very small-signal amplifiers; otherwise, 
distortion and improper operation with a reduction 
in gain, or blocking, may occur on large signals. 
The emitter resistor functions mainly as a swamping 
resistor for temperature stabilization, and pre- 
vents large changes in amplification with 
temperature variations. 

j. In considering the operation of the transistor 
impedance-coupled amplifier as compared with the 
electron-tube impedance-coupled amplifier, it 
should be clear from the above discussion that one 
circuit is an almost exact counterpart (dual) of 
the other. The difference is that transistor 
stages operate with low input and output imped- 
ances, at low voltages, and at very low levels of 
amplification, whereas electron-tube stages operate 
with relatively high input and output impedances , 
at high voltages, and at high levels of amplifica- 
tion. Thus, the transistor is basically a current 
amplifier, while the electron tube is a voltage 
amplifier. Consequently, the transistor requires 
closer matching (rather than mismatching) of 
impedances to maximize performance. 
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C. Transistor transformer-coupled audio amplifier 


1. Application - The transformer-coupled transistor audio 
amplifier is used where higher gain and power output 
than that provided by an RF-coupled or impedance- 
coupled stage are required, and where the reduction in 
frequency response can be tolerated. 

2. Characteristics 

a. Uses common-emitter circuit for higher gain. 

b. Operates class A for linear operation and minimize 
distortion. 

c. Usually amplifies small signals, but can be 
designed to handle large signals in cascaded 
stages . 

d. Is fixed-biased from the collector supply, but may 
use self-bias in some applications. 

e. Emitter swamping is normally used for thermal 
stabilization . 

f. Gain is fairly uniform over a range of approxi- 
mately 100 to 10,000 Hz or more. 

g. Both voltage and power gains are high. 

3. Circuit analysis 

a. The transformer-coupled transistor amplifier is 
similar in general to the transformer-coupled 
electron-tube amplifier. See figure 5. 



Transformer-Coupled Audio Amplifier 


Figure 5 
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b. Circuit operation — The accompanying schematic is 
that of a conventional PNP, triode, common-emitter, 
transformer-coupled transistor audio amplifier 
circuit. The input is shown transformer-coupled 
through Tl, and voltage divider Ri, Rg provides 
fixed bias from the collector supply. Emitter 
swamping is provided by Rg for temperature stabi- 
lization; Re is bypassed by Cg. The output is 
transformer— coupled through T2. 

c. The use of Tl to apply the input signal to the base 

circuit provides an almost ideal temperature re- 
sponse characteristic. The low transformer winding 
resistance produces a low base input resistance and, 
when used with emitter swamping resistor Re, any 
variation in gain with temperature is reduced to a 
very small value over a large range of temperatures 
(greater than for any other type of coupling cir- 
cuit). Normally, transistor Qi rests in its 
quiescent condition, with class A bias provided by 
voltage divider Ri, %. The quiescent collector 
current, Iq, is steady, producing only a small 
constant voltage drop across the primary resistance 
of T2. Thus, practically the full value of collec- 
tor supply, Vcc , is available. With a steady 
collector current, no voltage is induced in the 
secondary of T2, and there is no output (assuming no 
input signal or noise). When a positive— swinging 
signal is introduced into the input circuit, current 
flow through the primary of Tl induces a voltage in 
the secondary, which is applied to the base of Ql. 
Assuming that the transformer secondary is connected 
in-phase with the primary, a positive increase in 
voltage appears at the base. This positive voltage 
swing cancels the forward negative bias, and a re- 
duced flow of collector current occurs. As the 
instantaneous collector current decreases, the 
primary voltage drop also decreases, and allows the 
collector voltage to rise toward the negative supply 
voltage. Meanwhile, the reducing collector current 
induces a voltage in the secondary winding. The 
secondary winding is connected in-phase so that a 
reducing collector current produces a negative 
voltage swing in the secondary, and eui increasing 
current produces a positive swing. The emitter 
current flowing through Rg is steady quiescent 

value, and any change in base bias with input signal 
is bypassed around the emitter resistor through 
capacitor Cg. Although the capacitor will not pass 
the quiescent d-c current, it will pass the alter- 
nating audio voltage produced by the changing input 
signal. Thus, only d-c current changes flowing 
through Rg (the thermally induced changes caused by 
temperature variation) produce an emitter bias. 
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This emitter bias is in a direction which causes a 
reduced flow or emitter current, since it reduces 
the forward bias and hence reduces the collector 
current back to the original value so that it 
appears unchanged. If the emitter bypass capacitor 
were not used, the input signal voltage would pro- 
duce a degenerative effect, since all collector and 
emitter current would be forced to flow through the 
emitter resistor. 

d. Consider next the next negative swing of the input 
signal. In this instance, the forward bias on the 
base element is increased (the two negative voltages 
add), and a heavy collector current flow occurs. 

The increasing Ic through the primary of T2 induces 
a voltage into the secondary. Assuming the same in- 
phase connection of the primary and secondary, the 
output voltage is positive. By changing the con- 
nections of the secondary winding of either T1 or 
T2, the signal can be changed so that it is of the 
scime phase at both the input and the output; this is 
an advantage of transformer coupling. 

e. Since the secondaries of T1 and T2 are not connected 
to their primaries, the transformers offer a con- 
venient method of separating input or output signals 
from bias or collector voltages. By using the 
proper turns ratio, the primary and secondary 
impedances may be matched. In the base circuit, the 
input resistance is matched, giving maximum gain; 
likewise, in the output circuit, the proper turns 
ratio reflects the secondary load impedance into the 
primary, which, when added to that of the trans- 
former primary itself, provides a matched load for 
maximum output. 

f. Normally, the transformer-coupled stage is operated 
in the middle of its transfer characteristic to 
produce linear amplification. It is also a small- 
signal amplifier when used in preamplifier stages. 

In following cascaded stages, it becomes a large- 
signal amplifier, operating with a larger bias over 
the linear range of its transfer characteristic. 

When necessary, bias resistor % is bypassed to 
ground with a large capacitor to prevent audio 
signal voltages from causing the bias to change with 
the signal, particularly in high-gain and large- 
signal amplifiers. 
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. In cascaded transistor amplifiers, the load on the 
secondary of T2 is the base resistance of the next 
treinsistor. Since this is resistive rather than 
reactive, there is less frequency distortion than 
would occur in eui electron tube, where the load is 
predominately reactive (even in output stages, the 
speaker is a varying reactance). In low-power 
stages, the flow of reverse (leakage) current, Iceo* 
through the collector-to-base junction becomes 
important when it is a large percentage of the total 
operating collector current. Thus, the designer 
chooses a transistor with as large a beta as is 
possible, and as small a leakage current as can be 
obtained, in order to get the most gain with the 
least leakage current. (The flow of reverse current 
does not occur in electron tubes . ) 

h. The frequency response of the transformer-coupled 

amplifier is lower than that of the resistor-coupled 
or impedance-coupled transistor audio amplifier. 
There is more shunting capacitance than in resis- 
tance coupling because of the transformer dis- 
tributed turn capacitance, and there is a leakage 
inductance between the primary and secondary which 
does not exist in the impedance-coupled stage. The 
primary inductance is usually made from 2 to 5 times 
load resistance, Rl» for good low-frequency re- 
ponse. However, the lower the frequency, the less 
the Inductive reactance, so that the response tends 
to drop at low frequencies. The high-frequency 
response is primarily determined by the combination 
of shunting capacitance with load resistance and 
linkage inductance, while the low-frequency response 
is detrmined by the combination of load resistance 
and magnetizing inductance. In addition, the 
shunting capacitance and inductance form resonant 
circuits which produce humps in the response curve. 
Practically speaking, the response is very similar 
to that of the electron-tube transformer-coupled 
audio stage, with somewhat less high-frequency 
response. Loss of low-frequency response as com- 
pared with the electron-tube circuit becomes 
apparent when miniaturized transformers are used, 
because of the difficulty of building transformers 
with a sufficiently large iron core to provide a 
high inductance with the limited number of turns 
available in the space allocated. 
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i. Despite the apparent loss of response in the tran- 
sistor treins former-coupled amplifier as compared 
with other forms of coupling and the use of electron 
tubes, relatively good response is obtained by using 
more stages and low- and high-frequency peaking 
circuits where necessary. A maximum efficiency of 
about 50 % is obtained as compared with 25 to 30 % for 
resistance-coupled stages. 
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NOTETAKING SHEET 2. 13. IN 


TRANSFORMER-COUPLED AMPLIFIERS 
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NOTETAKING OUTLINE 

I. Advantages/Disadvantages 


II. Transformer Theory 


271 





ni. Frequency Response 







INFORMATION SHEET 2.14.11 


SPECIAL DEVICES 


INTRODUCTION 

Ever since the development of solid state devices, the ability of 
a crystal to amplify or control has been under constant investi- 
gation. Manufacturers have been forming layers of semiconductor 
saterials, inserting PN junctions, shaping new geometries, and 
varying doping levels in the search for new control or amplifying 
devices. Some of the newly made special devices parallel tran- 
sistor characteristics; while other devices completely take over 
functions that a transistor cannot perform. At the present 
"state-of-the-art", several devices will be explained in this 
information . 

REFERENCES 

1. Electronic Circuits , NAVSHIPS 0967-000-0120. 

2. Milton S. Kiver, Transistor and Integrated Electronics . 
McGraw-Hill Book Company, 1972, Fourth Edition. 

3. Anthony S. Manera, Solid State Electronic Circuits; for 
Engineering Technology, McGraw-Hill Book Company, Inc., 1973. 

4. Albert P. Malvino, Ph.D., Electronic Principles , McGraw-Hill 
Book Company, Inc., 1979, Second Edition. 

INFORMATION 

I. BASIC CONSTRUCTION AND OPERATION OF JFET 
A. JFET Construction 

1. The Junction Field-Effect Transistor (JFET) is a solid- 
state device with a very high input impedance and a 
high output impedance — two favorable attributes also 
found in vacuum tubes. Like a vacuum tube, the JFET is 
a voltage-controlled device. (The conventional tran- 
sistor is a current-controlled device.) In its opera- 
tion and construction, the JFET is completely different 
from a vacuum tube, yet many circuits of both are very 
similar. The JFET is a semiconductor device with no 
filament, so no excess heat must be dissipated. It may 
be operated at high voltages comparable to those of 
small vacuum tubes, or with the low voltages noirmally 
used with transistors . 

2. The JFET is linear in much of its range of operation. 
This permits the designing of low distortion circuits 
that have a minimum of cross modulation. Low noise is 
another favorable feature of the JFET. 
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3. The usable range of a JFET extends from very low 
frequencies into the UHF spectrum. In addition to 
their use as small-signal high frequency eunplifiers, 
JFETs are popular as small-signal mixers and oscil- 
lators. They also are used in small-signal audio and 
video cunplifiers. A few high-power junction field- 
effect transistors are available with high current 
capabilities. As the demand rises and production 
techniques improve, higher power JFETs will be 
marketed . 

4. Like most solid-state devices, field effect transistors 
are temperature sensitive, but not as much as conven- 
tional (bipolar) transistors. Input and output capaci- 
tances of the FET are moderate . Both temperature and 
capacitance problems are reduced when appropriate 
external circuit designs are used. JPETs can be 
destroyed quickly if maximum ratings are exceeded. As 
in the production of many solid-state devices, there 
are wide variations in units of the same type, so per- 
formance specifications are not too strict. This 
limitation also can be compensated for by proper ex- 
ternal circuit design. 

5. The simplified JFET structure shown in figure 1 is 
helpful in obtaining a fundamental understanding of 
JFET operation. First imagine simple bar of N-type 
material with direct (ohmic) contacts at each end; 
excess electrons are available in the material. A 
voltage source connected across the leads, causes a 
movement of electrons. The magnitude of the electron 
flow depends on the applied voltage, the amount of 
doping, and the dimensions of the semiconductor bar. 

Of course, the larger the cross-sectional area of the 
bar, the lower the resistivity. Likewise, the greater 
the doping of the N-type material, the lower the 
resistivity. 

6. It is not feasible to vary the physical dimensions of 
the bar or its doping level; however, it is possible to 
influence the movement of charges by changing the 
resistivity of the bar. This can be done electrically 
by varying the depletion region. 

7. The connection of a voltage source between the leads 

Igure lA) sets up a voltage gradient along the bar of 
■■““onductor material. The voltage at a given point 
3S more positive as one proceeds along the bar 
the negative to the positive side. 
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a. In the structure shown in figure 1(B), a P-type 

material is wrapped around the N-type bar, forming a 
PN junction. The junction is biased by connecting the 
P-type material to the negative side of the bar. A 
reverse bias on the junction is obtained because of the 
positive gradient that extends from the common end of 
the bar to the positive end. 

9. In previous lessons, the influences of a reverse bias 
on the depletion regions associated with a PN junction 
were detailed. It is this activity that is able to 
control the movement of charges through the bar. In 
JFET terminology the bar is called a channel. (There- 
fore, figure 1(B) is an N— channel JFET). The element 
that controls the motion of charges along the channel 
is called the gate. The common end of the channel and 
its associated lead is known as the source, while the 
opposite end of the channel and its associated lead is 
called the drain. The gate can be compared to the 
control grid of a vacuum-tube — the source and drain car 
be compared to the cathode and plate respectively. 

B. Influence of the Reverse-Biased Junction 

1. A reverse-biased junction causes the development of a 
depletion region in the channel, as shown in figure 2. 
Adequate doping keeps the resistivity of the gate 
material lower than that of the channel material . 



(A) LOW DRAIN -SOURCE VOLTAGE (B) HIGHER DRAIN-SOURCE VOLTAGE 


Figure 2 Influence of Drain-Source Voltage on 
Depletion Region and Current 
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(ftius, the depletion region extends into the channel 
jjjUch farther than into the gate material. (The de- 
pletion region of the latter can be neglected in con- 
sidering the operation of the field-effect transistor.) 
rj-ne channel depletion region is wedge-shaped because of 
voltage gradient rising toward the drain (figure 
1(A)). 

t 0 ie presence of the depletion region in the channel 
pauses an increase in the resistivity of the bar. If 
the drain-source voltage (Vog) is increased, the 
Repletion region extends farther into the channel , 
increasing its resistance. In figure 2(B) the 
jjepletion region would seem to extend through the 
channel in such a manner that channel current would be 
stopped or "pinched off." 

There are, however, counteracting influences that pre- 
vent the complete pinch-off of the current. Increasing 
Vds tends to increase the current, while a larger de- 
pletion region tends to reduce it; thus, current is not 
stopped. The combined influence of the depletion 
region and the voltage drop establishes a condition in 
which the current rises to a maximum and then holds 
steady ( no further increase in channel current with an 
increase in Vog ) . This is indicated by the curve in 
figure 3. 



0 Vp 

-Vos 


S' * 

igure 3 Drain-Source Voltage (Vog) Versus 
Drain Current (Ip) 
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Between the origin and point 1 on the curve the drain 
current (Ip) in the channel rises with an increase in 
the drain-source voltage (Vps). Between points 1 and 2 
in the depletion region begins to exert an influence, 
and the rate of current rise is no longer linear with 
respect to the increase in the drain-source voltage. 

Point 2 corresponds to full penetration of the channel 
(where the two depletion regions meet). This is the 
pinch-off condition. Operation now is in the constant 
current region where the drain current remains at the 
same level despite the increase in Vds* 

5. If the drain-source voltage is made too high, the gate- 
channel junction will undergo avalanche breakdown, 
causing the current to rise sharply. It is possible 
that the device will be damaged if power dissipation 
is not held to a safe level. 

C. Influence of the Gate Potential 

1. The resistivity of the channel depends on both the 

drain voltage and gate voltage. The influence of the 
gate on the channel current can be enhanced by con- 
necting a negative voltage between the gate and the 
source (common), as shown in figure 4. This d-c bias 
establishes a larger depletion region and increases the 
channel resistivity for a given Vog. In effect, it 
will cause pinch-off at a lower Vog. This means that 
the limiting drain current will also be lower. If the 
gate bias voltage is made high enough, the channel 
current can be reduced practically to zero. This 
activity can be compared with the cut-off of a vacuum 
tube ' s plate current when a high control grid bias is 
applied . 



Figure 4 Biasing the Gate-Source Junction 
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2. Using various values for the gate bias it is possible 
to establish a family of curves, as shown in figure 5. 
Note that pinch-off current decreases with an increase 
in the gate-source bias. The family of curves resembles 
that of pentode vacuum tubes in appearance. 

There are three main regions. In the ohmic region the 
drain current rises significantly with the increase in 
the drain-source voltage because neither gate potential 
nor the channel IR drop have enough influence to cause 
pinch-off. The drain-source voltage has a significant 
influence on the drain current, and the output resist- 
ance is relatively low. The second region (pinch-off), 
is one of saturation. The current remains essentially 
constant for a large change in V^s* This constant 
current characteristic means that the output resistance 
is high, providing favorable operating conditions when 
high voltage and/or power gain are desired. The third 
region is the breakdown (avalanche) region. 



AVALANCHE 

REGION 


Figure 5 Family of Curves for a Typical 
N-Channel JFET 

3. As long as the gate-channel junction is reverse biased, 
there is little gate current, consequently, the input 
impedance is high. Typical values are 10® ohms for 
germanium FET's and 10^ ohms for silicon FET’s; there- 
fore, the input power required to exercise control is 
very low. Thus, the FET is a device capable of large 
voltage, current, and power gains. 
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4. If an a-c signal is impressed between the gate and 
gQjjj-Qe, as in figure 6» the depletion legion in the 
channel will vary with the input signal. 

There will be corresponding changes in the resistivity 
of the channel and the movement of charges through the 
channel. Consequently, the drain current will follow 
the changes in the gate-source voltage (Vqs)* ^is 
control of the channel current (Id) ^GS similar tc 
the influence that a grid voltage has on the motion of 
the electrons (plate current) between the cathode and 
the plate of a vacuum tube. To the extent that an input 
signal voltage across a high impedance controls the 
output current, a field-effect transistor is more like 
a vacuum tube than a bipolar transistor . 


” r Vo, 

INPUT 

SIGNAL 



Figure 6 Signal Input to and Output from a JFET 
D. JFET Types 

1. Field-effect transistors come in various types and 
structures. Just as there are PNP and NPN junction 
transistors, there are both N-channel and P-channel 
JFET's, as seen in figure 7. In a P-channel JFET, the 
channel is a bar of P-type semiconductor. Current is 
a result of the flow of positive charges (excess holes). 
The biasing of the P-channel JFET is opposite from that 
of the N-channel type, since it requires a negative 
drain voltage and a positive gate voltage. The field- 
effect transistor is a unipolar device because there is 
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(A) N>CHANNEL 


(6) P-CHANNEL 



(C) SIDE VIEW (TETRODE) (D) TOP VIEW (TETRODE) 



(E) N-CHANNEL TETRODE (F) P-CHANNEL TETRODE 

Figure 7 Junction PET's with Symbols 


285 




only one type of charge carrier. These carriers in the 
N-channel PET are electrons, while in the P-channel PET 
they are holes. The operation of the conventional tran- 
sistor depends on the motion of both types of charge 
carriers. Por this reason the conventional transistor 
is called a bipolar type. The bipolar transistor has 
two junctions, one forward-biased euid the other reverse- 
biased. It is the interaction between electrons and 
holes at the emitter junction which results in a dif- 
fusion current in the base that propels charges into a 
high electric field across the reverse-biased collector- 
base junction. 

2. It is possible to include two gate elements isolated 
from each other as shown in figures 7(c) and (d) with 
their syndjols in figures 7(e) and (f). Thus, two inputs 
are available for mixing and other circuit activities, 
such as AGC and d-c feedback, in which a d-c control of 
a— c amplification is to be established. These are 
called dual-gate field-effect transistors. If the 
second input is not used, it is normally connected in 
the circuit so that its gate-channel junction is 
reverse-biased . 

E. Basic Circuit Configurations 

1. Like the vacuum tube and the bipolar transistor, the 
field-effect transistor can be connected in three basic 
arrangements (figure 8). Each has its individual 
characteristics. The common-source connection is the 
most widely used. It has a good voltage gain, a high 
input impedance, and a medium-to-high output impedance. 
Input signal is applied between the gate and the source, 
and the output signal is developed between the drain and 
the source. 

2. Input and output voltages are out-of-phase. For 
exeunple, a positive swing of the input to ein N-channel 
junction PET increases the drain current through the 
channel. The resulting increase of drain current 
through the load resistance causes a decrease in the 
positive drain voltage. Conversely, a negative swing of 
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Moderate voltage gain 
Low input impedance 
Moderate output imped. 
Input and output in 
phase 
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4. Input and output voltages are in phase. Using the N- 
channel FET as an example, a swing of the source voltage 
in the positive direction (same as a negative swing of 
the gate voltage) decreases the drain current and in- 
creases the drain voltage. Conversely, a negative swing 
of the source voltage increases the drain current and 
decreases the drain voltage. 

5. The common-drain’s (source follower) input impedance is 
very high, emd the output impedance is low. The output 
impedance of the common drain can be compared with the 
input impedance of the common-gate. A current gain is 
possible but there is no voltage gain. 

6. nput and output voltages are in-phase. For example, 
using the N-channel JFET, a positive swing of gate volt- 
age increases the source-to-drain current. This in- 
crease causes the source (output) voltage to swing in 
the positive direction. Conversely, a negative swing of 
the gate voltage decreases the drain current and the 
source voltage. 

Symbols 

1. Standardization of alphabetical and graphical symbols in 
electronics continues to be a problem for individuals, 
industries, and engineering societies. The advent of 
solid-state devices has resulted in some standard- 
ization, and certain procedures have become widely 
accepted. It should be stressed that, although it is 
now common to use the letter V for voltage in solid- 
state symbology, the letter E continues to be used in 
relation to vacuum tubes. 

2. VHien a current is specified, the first subscript indi- 
cates the element at which the current is measured. 

When a voltage is specified, the first subscript refers 
to the element at which the voltage is measured, while 
the second subscript indicates the reference element. 
When no second subscript is used, the voltage measure- 
ment uses the common (ground) as a reference. The 
conventions of figure 9 are widely observed at the 
present time. 




vgg 


Figure 9 Key d-c Voltages and Currents 
of a JFET Circuit 

Parameters and Specifications 

The family of drain characteristics for a typical P- 
channel FET (2N2608) is given in figure 10. Note that 
the drain voltage used is negative. The less positive 
Vqs» the greater the magnitude of drain current (Iq). 
For example, a drain voltage of -10 volts and Vqs of 
+0.8 volts. Id is 0.6 railliamperes . If the gate bias 
is reduced to +0.2 volts, Iq rises to about 1.4 milli- 
amperes. The breakdown voltage is also indicated on the 
output characteristic curves. This is the point at 
which avalanche occurs on the V^g = 0 curve. 




Figure 10 Typical JFET Output Characteristics 
for the 2N2608 


3. An important parameter of a FET is the zero-gate-voltage 
drain current (Idss) • first two subscripts indicate 

that the drain-to-source circuit is of concern. 

The third letter refers to the condition of the third 
element of the JFET relative to the reference element. 

In this case, the S indicates that the gate is shorted 
to the source (figure 11(A)). Usually Idss specified 
for a definite V^g. In the curves of figure 10, Idss 
indicated for -5 volts. 
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(A) loss (B) Vp 



IGSS 

®''DGS (D) Igss 


Figure 11 Measuring Key Fet Parameters 

4. The gate-bias voltage (Vqs) at which the drain current 
will be reduced to practically zero for a specified 
drain voltage (Vps) is known as the gate-source pinch- 
off voltage (Vp) . Some insignificant value of drain 
current usually is specified as a practical cut-off 
value/ such as 1 microampere or 0.1 percent of Ipss* 
The method of measurement is given in figure 11(B). In 
the family of curves of figure 10/ Vp i® volts for 

^DS = 5 volts. 
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Table 1 - 2N2608 Specifications 


Gate-Drain and Gate-Source Maximura Voltages 
Gate Current (Forward Bias) 

Total Device Dissipation 

Storage Temperature Range 

-65" 

-30 
50 
200 
to +200 

volts 
mA 
mW 
“ C 


Parameter 

Units 

Min 

Typical 

Max 

Igss 

Gate-Source Cutoff Current 
at: 

Vgs = 30V 

Vds =* 0 

mA 



10 

^GSS 

Gate-Source Cutoff Current at: 
Vgs = 5V 

Vds “ 0 

T^ = 150 ‘C 

yA 



10 

®Vgds 

Gate- Drain Breakdown Voltage 
at : 

Ig = luA 

Vds “ 

Volts 

30 



^DSS 

Drain Current at Zero Gate 
Voltage: 

Vds “ "5v 

Vgs = 0 

mA 

0.90 

1.60 

4.50 

Vp 

Gate-Source Pinch-off Voltage 
at : 

Vds = “5v 

Id = 1 yA 

volts 

1 

2 

4 

gfs 

Small-Signal Common Source 
Forward Transconductance at: 

Vds = -5v 

Vgs " ® 
f = IkHz 

yitiho 

1000 

1600 


*-gss 

Gate-Source Capacitance at : 

Vds = "5V 

Vgs = IV 
f = 140 kHz 

pF 

12 

17 


NF 

Noise Figure at 

Vds = -5V 

Vgs = 0 
fo = IM 
^gen“ IM 

dB 


0.5 

.3 ';j 
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ID- DRAIN CURRENT- 


5. Certain other parameters are important, breakdown volt- 
age as Iqss temperature dependent and is one 

of the major disadvantages of the junction JFET. 

6. There are certain maximum ratings which, if exceeded, 
would result in the destruction of the transistor. A 
summary of the key parameters and specifications for 
2N2608 as furnished by the manufacturer are shown in 
Table 1. 

Determining a Load Line 

1. A load line can be drawn (figure 12) on the FET's 
characteristic curves. 



Figure 12 
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The load line represents a resistance of 12.5 kohms. 
The supply voltage is 25 volts. With an input 

signal at 0.4 volts peak-to-peak at the operating 
point, the output voltage will be 6.5 volts peak-to- 
peak. 

The voltage gain is: 6.5 = i6 25 

AVgs .4 


2. At the operating point, the trans conductance (gfs) is 
about 1375 uinhos. Using the formula 

Av • gfs Rl* Ay • (1375 X 10“®) (12.5 x 10 ^) » 17.2. 

The slight discrepancy in this case is because of the 
error in reading the curves; however, the approxi- 
mation is as accurate as most electronic components . 

I. Noise Considerations 

The noise content of a FET is low in comparison to a vacuum 
tube or a bipolar transistor. The three sources of noise 
in a field-effect transistor are: The gate-leakage-current 
shot noise, thermal or resistance noise that results from 
the agitation of the charge carriers in the channel, and 
low-frequency noise (1/f noise). 

J . Frequency Response 

1. Low power junction FETs have a gate-to-drain capaci- 
tance (Cg^) ranging from 1 to 100 pF. This capacitance 
increases as the drain-to-source voltage is reduced and 
approaches the pinch-off voLtage. As a result of this 
capacitance (Cg<j) the "Miller effect" occurs in junc- 
tion FET ' s . 

2. A regular (bipolar) transistor's low impedance base 
input tends to shunt a large portion of the tran- 
sistor's high impedance internal feedback to the 
emitter. The Miller effect in regular transistors is, 
therefore, not as great as in FETs where the input 
signal at the gate, like the internal feedback signal, 
is usually also of high impedance. 

3. The Miller effect in FETs can be reduced by increasing 
the drain to source voltage, reducing the circuit's 
input impedance or with a feedback circuit opposing the 
semiconductor's internal feedback. 

4. Theoretically, junction FETs should be able to handle 
frequencies up to 1 GHz, although the maximum usable 
frequency is below this value . The figure of merit is 
also known as the cutoff frequency because it is at 
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this point the power gain of the device falls off to 1. 
Stated as an equation : 

fco = 

Cqd 


FETs can be made to operate well as common-source 
amplifiers at frequencies of several hundred megahertz. 

• Temperature Effects 

1. Junction FETs, like regular transistors, are normally 

affected by changes in temperature (T^). Measurements 
indicate that their pinch-off voltage (Vp) usually in- 
crese at about 0.2% per 8*C. ^ 

2. Although FET PN junctons are affected by temperatures, 
the gate current stability of silicon FETs approaches 
the base current stability of bipolar silicon tran- 
sistors. Provided the circuit's gate-to-source re- 
sistance (Rq) lies between 1 and 10 megohms. 

3. TWO opposing effects of temperature change in JFETs 
result in a linear decrease in Ipss with increasing 
temperature, causing the current to decrease about 0.6% 
per "C. This drift can be reduced by operating the FET 
a low level of Ip. 

4. The use of 'JFETs with lower pinch-off voltages also 
reduces Ip drift. Measurements show that FET's having 
a 0.63V pinch-off experience no temperature drift when 
operating at their normal Ipss 9fs • 

JFET Standardization — In a previous lesson, it was shown 

that few transistors of the saune type have exactly the same 

characteristics. The same problem exists with JFETs. 

Many FETs of the same type have I^sg and gfg ratings that 

vary by as much as 2 to 1. 

Advantages and Disadvantages: 

1, It should be apparent that the primary advantages of 
JFETs are : 

a. Very high input impedance, 
to. Low noise characteristics. 

Although their voltage gains are relatively low, once a 
low impedance point occurs in a circuit, the bipolar 
transistor could be used to get the required gain using 
cascaded stages. 
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2» The disadvantages associated with JFETs are: 

a. JFETs are temperature sensitive. 

b. Low gain as compared to bipolar transistors. 

The reader must be aware that, although the JFETs 
characteristics are temperature sensitive, they are not 
near as sensitive to Ta variations as the bipolar 
transistor. 

II. AVALANCHE DEVICES 

A. Avalanche is defined as a cumulative process by which 
charged particles collide with and ionize the medium 
through which they are traveling. 

B . As long as the current-handling capacity of the device is 
not exceeded during the avalanche process, some very useful 
characteristics can be utilized. 

1. Zener Diode 

A zener diode is a PN- junction diode that is more 
heavily doped than the average diode. It is designed 
to operate in the reverse bias breakdown, or avalanche 
region without damaging the junction. Since the zener 
diode operates in the reverse-bias direction or region, 
it operates on minority carriers. 



AVALANCHE 

•CURRENT 

l2 


Figure 13 
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As shown in figure 13/ if a zener diode is biased in 
forward direction, VP, it has characteristics similar 
to an ordinary junction diode. With reverse-bias 
applied, VR, the zener diode will operate as a voltage 
reference device. The voltage at which the diode 
breakdown (VZ) occurs is determined by the type of 
semiconductor material used, the type of doping 
material used, and the actual doping level of the 
zener diode. 

Once the diode goes into the avalanche region, the 
voltage across the diode will remain almost constant. 
The reverse-bias potential accelerates the minority 
carriers to such a velocity that they physically dis- 
lodge other carriers from the crystal lattice. The 
result is a very large current flowing in the zener 
diode. If the voltage applied to the junction de- 
creases, the acceleration of the carriers will 
decrease, which results in less current through the 
diode. With less current flow, the zener impedance 
increases and the voltage across the diode remains 
constant . 

The constant voltage characteristics of the zener diode 
(in the avalanche region) are particularly useful in 
voltage regulator circuits. 

Figure 14 is a basic voltage regulator circuit employ- 
ing a zener diode as the regulating component. 


LIMITING 



Equt 

REGULATED 

+I2V 


The zener diode, Di will regulate the output voltage at 
VZ (12 volts). The static load current is 10 ruA and 
the zener current, -IZ, is 20 mA; therefore, in the 
static condition, 30 mA of current will flow through 
^limiting dropping 3 volts. 
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a. If the load current increases, the voltage dropped 
across Rumiting will increase. This increased 
voltage drop will cause less voltage to be supplied 
to the zener diode decreasing IZ . Thus, the cur- 
rent flow through Riimiting decreases and the 
output returns to +12 volts. 

b. If the unregulated voltage increases, the voltage 
suppied to the zener diode will increase. This 
increased voltage (VZ) will cause an increase in 
IZ . When IZ increases, the voltage drop across 
'^limiting will increase, thus returning the 
regulated output to +12 volts. 

2. Four-layer didoes (PNPN) 

a. A PNPN diode is a 4-layer, 3- junction device that 
operates in the avalanche mode. 

b. As shown in figure 15, the layers are alternately 
doped P- and N-type semiconductor materials with 
ohmic contacts to the P-type and N-type regions. 

The ohmic contact to the P-type region is called 
the anode, and the contact to the N-type region is 
called the cathode. Notice that the internal P- 
and N-regions are floating. 


+ - + - + - 



J| J2 J3 


LOAD 

i 

VF 

Figure 15 
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c. with applied voltage, positive to anode and 

negative to cathode, the voltage gradients across 
the device are as shown in figure 15. ’J1 and J3 

are forward-biased and J2 reverse-biased. With J1 
and J3 offering a very small resistance (forward- 
biased), most of the voltage across the device is 
dropped across the reverse-biased junction J2 and 
forward current IF, is very small. The device is 
said to be "OFF" or blocking, which represents a 
high resistance between anode and cathode. 

d. With J2 reverse-biased, only minority carriers flow 
through the internal P- and N-areas. The negative 
voltage on the N-type cathode injects electrons 
into the internal P-type area where they flow as 
minority carriers, and the positive voltage on the 
P-type anode injects carriers into the internal 

N- type area where they also flow as minority 
carriers . 

e. As can be seen in figure 15, as the applied volt- 
age (Vp) is increased, more injected holes from the 
P-type anode will diffuse through the internal N- 
type material and be controlled by the internal 
P-type material. The internal P-type material 
becomes more positively charged (contains more 
holes), thus increasing the foirward-bias on J3. 

f. At the same time J3 is increasing its forward-bias, 
the N-type cathode is injecting more carriers into 
the internal P-type material which diffuse into the 
internal N-type region which becomes more neg- 
atively charged (more electrons) increasing 
forward-bias at Jl. 

g. As Jl and J3 increases their forward bias, their 
junction resistance decreases and more of the 
applied voltage (Vp) is felt at the reverse-bias 
junction J2, increasing the depletion region at J2. 

h. As the depletion region at J2 increases, the 
effective N and P areas are reduced. 

i. Figure 16 depicts the condition now existing; i.e., 
the increased depletion region at J2 and the re- 
duced efective areas of the internal N and P-type 
materials. As the external voltage (Vp) continues 
to increase, the carriers crossing the depletion 
region gain velocity as they are swept across the 
junction. When the velocity the carriers gain 
while crossing the junction is great enough, free 
carriers are produced in the internal N- and P-type 
materials by the high velocity carriers striking 
valence electrons. 
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Figure 16 

j. This process is accumulative and anode current 
starts increasing rapidly because of the many free 
carriers generated. Avalanche soon occurs and the 
current must be limited by external series resist- 
ance or else the device will destroy itself. The 
device is said to be switched "ON" and represents a 
low resistance between anode and cathode. 

k. The PNPN device thus acts as a switch. (1) OFF, or 
high resistance, very low current flow. (2) ON, or 
low resistance, heavy current flow. When the 
device is turned on, a specific amount of current 
(Ip) must be maintained to keep it on. This cur- 
rent is specified as holding current, Ifj. Another 
current rating that must be considered is latching 
current II. The latching current rating specifies 
a value of anode current, slightly higher than the 
holding current, which is the minimum amount re- 
quired to sustain conduction immediately after the 
device is switched ON. In other words, the PNPN 
switch must be driven deep into avalanche initially 
to sustain normal operation. 

l. A graphical analysis of the PNPN device as shown in 
figure 17 will show the negative resistance region 
inherent to PNPN devices . 


INITIAL 



INCREASED 

DEPLETION 

REGION 
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PNPN CHARACTERISTIC GRAPH 
Figure 17 


m. The applied voltage Vp, anode positive to cathode, 
that results in a small current flow is called the 
forward blocking voltage, VpB • As the forward 
voltage is increased, a sudden increase in current 
is apparent as the device switches "ON.” The 
minimum voltage necessary to turn the device on is 
called the "forward breakover voltage," V(BR)p. 
When the device is "ON, " Ip increases and Vd 
decreases, resulting in a negative resistance 
region. The device may be turned OFF several ways. 

(1) Increasing the external series resistance. 
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(2) Decreasing the applied voltage to zero. 

(3) Communication — which will be covered in detail 
shortly. 

n. Notice that the device will exhibit normal diode 
characteristics under reverse bias conditions; 
i.e., as reverse-bias / Vj^, is increased avalanche 
will occur at the reverse breakdown point labeled 
V(br)r» The PNPN switch can be destroyed in the 
reverse-bias avalanche region and should not be 
operated with reverse-bias between anode and 
cathode. 

o. PNPN switches are used for trigger devices and for 
low-cost sweep generators and timers. 

p. Figure 18 is another sweep-generator circuit using 
a PNPN switch. 


VF *^lim 



Figure 18 


When Vp is applied to the anode of the PNPN diode, 
the capacitor starts charging toward Vp. As the 
voltage across the capacitor reaches V(br)F' 
diode turns ON and discharges the capacitor. A 
sawtooth waveform is thus produced across the 
diode. Riim limits the current to a safe value and 
with Cl determines the rate of firing. 

3. Silicon Controlled Rectifiers (SCR) 

a. Basically, the SCR is a PNPN structure with another 
ohmic contact made to the internal P-type region. 

b. Figure 19 represents the basic SCR including the 
additional ohmic contact. 
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Figure 19 

The additional lead is called the gate and aids in 
the "turn-on process." 

c. The SCR is normally operated with Vp << 
where V(gpjp represents the forward breakover 
voltage, as was the case with the basic PNPN 
device. With the gate open, the SCR will be "OFF" 
or in the blocked condition. When a positive 
voltage is applied to the gate, current will flow 
into the gate (Igt)* 

d. The current flow (electrons) in the gate is in- 
jected from the N— type cathode; however, many 
injected carriers will diffuse through the in- 
ternal P— type material to the internal N-type 
material . The internal N-type material now takes 
on a negative charge (excess electrons) increasing 
the forward bias on Jl. The increased forward-bias 
on Jl increases injected holes through J2 from the 
anode . 

e. As more holes flow across J2 from the anode, more 
electrons must flow across J2 from the cathode, 
thus increasing the forward— bias on Jl even more. 
This process is accumulative and the device quickly 
switches "ON." Thus, Iqt aids in turning the SCR 
ON. 
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f. Figure 20 is a graphical analysis of the turn "ON" 
process just described and also includes the 
ccatunercial and Mil-Spec symbols for the SCR. 

g. Notice that as Igate increased, turn "ON" 
(breakover) occurs at lower values of Vp* Hiis is 
quite an advantage over the basic PNPN switch where 
there was no control over the breakover point. 

h. Also apparent in figure 20 is the fact that the SCR 

acts as a bistable switch; i.e., "ON" or "OFF" when 
Vp is a positive voltage and is also 

positive. 

i. The SCR is the solid state equivalent of the gas- 
eous thyratron tube which is switched "ON" by a 
voltage pulse on its control grid which ionizes the 
tube. The SCR on the other hand receives a current 
pulse on its gate which aids in the "avalanche" 
process in much the same manner as a tube ionizes. 
Like the thyratron 's grid, the SCR's gate loses all 
control once the device turns on. The SCR must be 
turned off in the same manner that the PNPN device 
was. 

(1) Reducing the cinode-cathode to zero. 

(2) Driving Ip < Ih» 

(3) Forcing commutation. 


j. The main advantage of the SCR is its ability to 
control heavy load currents with light control 
(gate) currents. Currently SCR's have wide appli- 
cations among them, being; motor speed conrols, 
heating controls, and ignition systems. 

k. As stated earlier, the SCR may be turned off by 
several methods* 

(1) Reducing anode current to zero, 
inq Ip to < I|j. 
on. 
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Figure 21 

Figures 21a and 21b will definitely "fit the bill" 
for conditions (1) and (2) above; however, it would 
be difficult to operate the switch at a very high 
frequency or with any appreciable current. Commu- 
tation is the most often used "turn off" technique 
employed. This method switches current from some 
energy source to force current through the SCR in 
the reverse direction. There are six distinct 
classes of commutation. 

(1) Class A - Self-commutated by resonating the 
load . 

(2) Class B - Self-commutated by an LC circuit. 

(3) Class C - C or LC switched by another load- 
carrying SCR. 

(4) Class D - C or LC switched by an auxiliary SCR. 

(5) Class E - An external pulse sound for 
commutation. 

(6) Class F - A-c line commutation. 

1. As class F, a-c line commutation is the most common 
turn-off technique used; it will be the method 
analyzed. Figure 22 will be used in the analysis. 

ra. Assuming that the gate is triggered at the begin- 
ning of the a-c cycle, the SCR will conduct for 
180®. As the a-c waveform on the anode goes 
negative, the SCR will be "cut-off" as it requires 
a positive anode voltage, Vp . Thus, a-c power 
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would be delivered to the load during 180“ of the 
line voltage. By controlling the phase of the gate 
pulse with respect to the a-c line voltage, the 
power to the load can be varied from zero to maxi- 
mum when the gate pulse is present at the 000* 
point of the a-c line voltage. 

III. UNIJUNCTION TRANSISTORS 

A. The unijunction transistor (UJT) is basically a silicon bar 
with two contacts and a PN junction. 

B. Figure 23 shows the construction of an UJT and its Mil-Spec 
symbol . 

1. The two ohmic contacts made to the base (silicon bar) 
are called B^ and B 2 (N-type material). B^ is the low 
potential or common side and B 2 is the high potential 
or voltage supply side. B 2 will be biased positive in 
respect to B^ (Vb2bi)* 

2. The PN junction formed is the emitter which will be 
positive in respect to B^. 

a. Rgg is the interbase resistance between and B 2 
with typical values ranging from 4 kfl to 10 kft. 

b. Figure 23 A depicts the condition existing at the 

emitter base junction with a voltage applied to the 
B 2 B 1 leads (Vb2bi) emitter voltage, Vg, 

equal to zero. 

c. With Vb2b 1 applied, Rgg develops voltage gradients 
throughout the N-type silicon bar. The voltage 
opposite the PN junction, between B 2 and B^, is of 
some positive value. 

d. Under these conditions, the PN junction is reverse- 
biased and only a small amount of leakage current 
(Igo) will flow in the emitter lead. The current 
flow in the device will be essentially between B 2 
and B]^. 

e. As shown in figure 23B, as the emitter voltage, Vg, 
is increased, positive in respect to B^; i.e., 

VebI' PN junction will become forward-biased. 

(1) The emitter injects holes into the N-type bar 
where they are swept toward B^. 

(2) Electrons from B^ combine with the injected 
holes increasing Ig (emitter current). 
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f. The resistance between the emitter and decreases 
because of this increased current flow. The UJT is 
now turned on. 

3. The value of Vebi» which forward-biases the emitter-bar 
junction, is called the peak point emitter voltage, Vp. 

4. Thus, the unijunction transistor has many of the char- 
acteristics of a gas thyratron. Until the control 
voltage ( V rr •) ) reaches a certain value (Vp), the unit 
is reverse-biased and essentially cut off. The instant 
the critical value is exceeded, the emitter PN junction 
becomes forward-biased and emitter current increases 
considerably. 

5. A simplified equivalent circuit for the unijunction 
transistor may be developed as shown in figure 24. 



Figure 24 

Diode CRi represents the emitter-bar PN junction, wit 
RBi representing the resistance of base 1 and Rb 2 
representing the resistance of base 2. Rgi is shown 
as variable since it does vary as a function of the 
emitter— base 1 current. (As emitter current goes up 
at the firing point, the resistance Rgi decreases.) 
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Figure 25 - UJT Characteristics 



6. As previously stated, . Yp the minimum voltage 

necessary to forward bias the emitter-bar PN junction 
and turn it on. As can be seen in figure 24, the 
greater the magnitude of Vb 2B1' larger the voltage 

developed at the top of (nVQ2Bl^* The parameter n 

is called the intrinsic standoff ratio and represents 
the percentage of the voltage Vb2b 1 developed across 
Rbi. The manufacturer of the UJT supplies this param- 
eter in his specification sheet (typical values range 
from 0.51 to 0.82). 

7 . Also shown in figure 24 is a voltage drop across the 
diode CRi Vp. This voltage will be present in the 
static condition because of Ieo* 

8. In order to turn the UJT on, the emitter voltage must 
be positive with respect to nVB2Bl • Thus, Vp = nVB2Bl 
+ Vq . For example ; 

Given: Vnoni = 10 volts 

2N2646 n = .51 

Characteristics Vp = .5 volts 

Find: The minimum voltage required to turn on the 

UJT (Vp). 

Solution: Vp =» nVB2Bl + 

Vp = (.51)(10V) + .5 V 
Vp = 5.6 volts 

C. A typical characteristic curve of a unijunction transistor 
is shown in figure 25 . This curve has three distinct 
regions. Region 1 is the cutoff region, where the emitter 
is reverse-biased. As the voltage applied between the 
emitter and B^ rises, the current (Ie) rises too, although 
the total current seldom exceeds 10 yA (Ieq) Region 1 ends 
when the applied voltage reaches the point marked "Vp" . At 
this point, the UJT "fires” with a large increase in^cur- 
rent and a decrease in the voltage drop between emitter and 
Bi. This is the negative resistance region, and it is this 
feature which gives the UJT its unique properties, as we 
shall see presently. Eventually there is a point reached, 
called the minimum, or valley point, beyond which the 
device behaves as a positive resistor. That is, the 
current increases slowly with voltage. This region is 
called the saturation region. The UJT switches from the 
cutoff to the saturation region quite rapidly because of 
the highly unstable negative resistance region. 

D. Figure 26 is a tyical circuit using a UJT in relaxation 
oscillatory mode. 

1. Initially, capacitor is not charged and the emitter 
potential is zero. However, because C]^ is connected 
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Figure 26 

to the power supply (Veg) through it will slowly 

charge until enough voltage develops across C]^ to 
forward-bias the emitter junction (Vp) . At this point, 
the unijunction transistor "fires." ^C]_ now discharges 
rapidly through and the low resistance of the 
emitter - Bi junction. With discharged, the tran- 
sistor returns to its nonconducting state, and the 
cycle repeats itself. 

2. The waveform developed in this circuit are also shown 
in figure 26. The voltage across is a sawtooth 
wave, possessing a slow rise and a rapid descent. At 
the time of firing, the current through the entire 
silicon bar rises developing a positive pulse at the 
top of ^2 negative pulse at the bottom of 

Note the extreme simplicity of this circuit, requiring 
only three resistors and a capacitor. As a matter of 
fact, if only a sawtooth waveform is desired, and 

RB2 can be dispensed with. 
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E. Figure 27 is another typical UJT trigger as used to control 
an SCR. 

1. develops the positive trigger pulses necessary for 

the SCR. 
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UJT CONTROL OF AN SCR 
Figiare 27 

2. RB 2 is used to limit the current through the UJT to 
prevent excessive current which could destroy the 
device . 

3. Ri and Ci time the trigger period and, in turn, the 
average value of Iioad* 

4. The UJT is probably the most versatile triggering 
device for the SCR because of its relative simplicity 
and low power consumption. 
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Figure 26 

to the power supply (Vgg) through Ri# it will slowly 
charge until enough voltage develops across to 
forward-bias the emitter junction (Vp) . At this point, 
the unijunction transistor "fires." now discharges 

rapidly through and the low resistance 

emitter - Bi junction. With Ci discharged, the tran- 
sist-or returns to its nonconducting state, and the 
cycle repeats itself. 

The waveform developed in this circuit are also shown 
in figure 26. The voltage across Ci is a sawtooth 
wave, possessing a slow rise and a rapid descent. At 
the time of firing, the current through the entire 
silicon bar rises developing a positive puise at ge 
top of ^2 and a negative pulse at the bottom of 
Note the extreme simplicity of 

only three resistors and a capacitor. As a_matter of 
fact, if only a sawtooth wavefom xs <i su-ed, Bi and 
RB2 can be dispensed with. 
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JFET CONSTRUCTION 
Figure 1 
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ORAiN CURRENT CHARACTERISTICS 


Figure 3 
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P-Siibstrate N-Substrate 

JFET SyMBOLOGy 
Figare 4 
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[I. JFET Symbology 
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JFET CG AMPLIFIER 

Figure 7 
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ENHANCEMENT MOSFET CONSTRUCTION 






IV. MOSFETs 
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Depletion/Enhancement MOSFET 
Figure 10 
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V. MOSB’ET Symbology 


VI, Avalanche devices 


A. Zener Diodes 




Figure 12 


B. PNPN Diodes 
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ANODE 
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Silicon-Controlled Rectifiers 
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BASE TWO 
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Figure 17 
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NOTETAKING SHEET 2. 15. IN 
VACUUM TUBE FUNDAMENTALS 

cFERENCES: 

. Basic Electronics ^ Vol. 1, NAVPERS 10087-C, Chapter 7, pages 143 
to 172. 

. Electronic Circuit Analysis / Vol. 1 , NA 00-80— T—79, Chapter 4, 
pages 4-1 to 4—42. 

RETAKING OUTLINE 

I. Basic Construction of a Vacuum Tube. 
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BASIC CONSTRUCTION OF A VACUUM TUBE 
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Types of Emission 

A. Thermionic or thermal emission 
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B. Photoelectric emission 


C. Cold cathode emission 
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Tube Operation 
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PLATE CURRENT 


423 M« 


300 mm 
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PLATE VOLTAGE 


Figure 5 
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Diode Vacuum Tube Circuit 
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Figure 6 - Diode Vacuum Tube Half-Wave Rectifier. 
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NOTETAKING SHEET 2. 16. IN 


TRIODES 


jEFURENCES: 

1, Elect-ronic Circuit Analysis ,. NA 00-80-T-79, Chapter 4, pages 4-1 
to 4—22. 

2, Basic Electronics / Vol. I, NAVPERS 10087-C, Chapter 7, pages 143 
to 172. 

3, Robert L. Shrader, Electronic Communication , Chapter 9, Fourth 
Edition. 1980, McGraw-Hill Book Company Inc. 

SOTETAKING OUTLINE 

I. Construction of a Triode Vacuum Tube 


PLATE 

CONTROL 

GRID 

CATHODE 


Figure 1 



Triode Vacuum Tube 
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II • Bias 
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:il. Electron Tube Notations 
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IV. Vacuum Tube Static Characteristic Curves 
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Figure 4 - Eb - Ij-j Plate Pcimily Curves 


E. Dyn2unic Characteristics of a Triode 
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= 300V 



362 


Figure 



CURRENT 
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VI. The Dynamic Transfer Curve (DTC) 
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Figure 7 DYNAMIC TRANSFER Curve uses 
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Figure 8 - Interelectrode Capacitance 
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Vll. Limitations of the Triode 



NOTETAKING SHEET 2. 17. IN 


MULTIELEMENT TUBES 


REFERENCES: 

1. Electronic Circuit AnalysiS f Vol. I, NA 00-80-T-79, Chapter 4, 
pages 4-1 to 172. 

2. Basic Electronics/ Vol. I, NAVPERS 10087-C/ Chapter 7, pages 143 
to 172. 

3. Robert L. Shrader/ Electronic Communication / Chapter 9, Fourth 
edition. 1980, McGraw-Hill Book Company Inc. 

KIOTETAKING OUTLINE: 

I. Tetrodes 
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Figure 3 “ TETRODE CURRENT CURVE 


II. Pentodes 
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PLATE 


CONTROL 

GRID 



Figure 4 - PENTODE VACUOM TUBE 
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Beam — Power Tubes 


PLATE 


BEAM FORMING 
PLATES 


CONTROL GRID 
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Figure 6 - Beam-Power Tube Schematic Symbol 
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IV. Cathode-Ray Tubes 
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FORMULA SHEET 


Reactance 

1. Xl = 2TrfL 

2. Xr _ 1 

2TrfC 

Series Only 

1 • Zq = R 

2. ExL or Exc = Q^a 


Series and Parallel 
Resonance (Cont'd) 

3* NE = £2 
Q 

4* BW = R 
2wL 

5. Xl = Xc = L/C 

6. Fo = ^L 

2irL 


Parallel Only 

1. Z-r = Z 1 Z 2 
Zi + Z2 


2 . Zo = ^A 

^line 

3. Zo = QXl 

4. Zo = Q^R 

5 . Zo = 

R 

6. Zo - L 

RC 

^tahk “ Q^line 

8 . Pt “ PaCos 0 

9. Pf =* £t. _ Cos 9 

Pa 

Series and Parallel 
Resonance 

1 

1. Fo = 

2Tr/LC 

2. Q = ^ 

R 


Common Emitter Amplifier 

1. 6 = £c 

a 

2- e = 

1-0 

3* ^CEO “ ICBO^ ® +1) 

4. Ic * (3 )(Ib) + (IcBoJ^^ + 1) 

Common Base Amplifier 

1. = Ic 

Ie 

2* ® g 

e+1 


Common Collector Amplifier 
1 • y — 

Ib 

2. Y = e + 1 
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Bias Stability 

1. s = (Rb t RE)(e + 1) 

Rb + ( & + 1 ) Rg 


Decibel 


P2 

A, dB « lOlog(io) 


e2 

B. dB » 201og(ioi) e]; / ^ 


C. dB =* 201og(ioi) £2 / Z 2 

IT V zi 


Feedback Amplifiers 
1 - 6 Av 

B. eg « ein + 3e'out = ej^n + ®f 
®'out = _ ^v®in _ e^n^f s egA^ 

1 - 0 Av 

D. ed' = ed 

1 - 0 Av 

E. 6 =s Pj Re 

Rf + Ri Rc 

Op-Amps 

Rf Rf 

A* Bout = (Ein2 ^8 2^ + Rsj) 

R* Rout “ ©in R3 
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